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THE  EFFECT  OF  THYROIDECTOMY  ON  THE  O2 
UPTAKE  OF  BRAIN  CORTEX  AND  LIVER  IN 
THE  RAT 

FRIEDA  M.  HOEXTER* 

Biochemical  and  Endocrinological  Research  Department, 

Bristol  Mental  Hospitals,  Bristol,  England 

The  endocrines,  in  particular  the  thyroid,  play  an  important  role  in 
brain  function,  but  as  yet  knowledge  of  their  inter-relationship  is 
hardly  more  than  speculative.  Some  investigations  on  the  O2  uptake  of  rat 
brain  cortex  and  liver,  after  thyroidectomy,  are  reported  here. 

METHOD 

Adult  male  Wistar  rats  were  used.  [Both  normal  control  and  operated  animals  were 
housed  in  a  thermo-regulated  room.  Thyroid-parathyroidectomy  was  performed  under  a 
preparation  microscope.  The  rats  were  sacrificed  at  weekly  intervals  after  thyroidec¬ 
tomy,  up  to  and  including  the  sixth  week.  There  was  some  loss  of  hair  in  the  operated 
animals,  usually  apparent  after  the  third  week,  but  no  marked  changes  in  body  weight. 

The  O2  uptake  of  the  tissue  slices  was  determined  by  the  Warburg  method,  at  37.0° 
C.,  using  a  Krebs  Phosphate  Buffer  (pH  7.4)  and  glucose  as  substrate.  The  Qoj  values 
are  expressed  as  mm.®  O2  per  mg.  dry  weight  per  hour.  Determinations  on  the  brain 
cortex  and  liver  of  normal  control  and  operated  animals  were  carried  out  on  the  same 
day.  Triplicate  observations  were  made  on  each  organ.  In  the  case  of  liver,  slices  were 
always  cut  from  the  same  lobe. 

RESULTS 

In  Table  1,  values  for  the  O2  consumption  of  brain  cortex  and  liver  of 
normal  control  rats  are  compared  with  the  corresponding  values  for  the 
operated  rats.  Mean  values  for  at  least  five  rats  are  calculated.  No  ‘t’  test 
was  necessary  for  the  Qo,  values  of  the  brain  cortex,  since  it  is  apparent 
that  they  are  quite  constant  up  to  the  sixth  week  after  thyroidectomy.  The 

Received  for  publication  April  6,  1953. 

*  Working  under  a  Research  Grant  from  Organon  Laboratories,  England. 
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Table  1.  Oxygen  uptake  of  brain  cortex  and  liver 


Time  after 
operation 

Hrain  | 

Liver 

Days 

No.  of 
rats 

Mean 

Qo,  ±S.D. 

No.  of 
rats 

Mean 

1  Qo,lS.D. 

'V  1 

1 

P 

0 

25 

8.5710.65 

26 

7.99  +  1.14 

7 

6 

8.4410.68 

6 

7.6411.56 

0.52 

0.7  -0.5 

14 

6 

8.4510.74  1 

6 

7.37  +  1.88 

0.65 

0.7  -0.5 

21 

5 

8.3610.39 

5 

7.12+0.95 

1.80 

0.1  -0.05 

28 

5 

8.6710.46 

1  S 

6. 72  ±0.98 

2.56 

0.02-0.01 

35 

5 

8.6710.66 

5 

6.27+0.90 

3.69 

>0.001 

42 

5 

8.4610.55 

1  ^ 

6.68±1.2.'i. 

2.18 

0.05-0.02 

LcKcnd:  S.D.  =  Standard  deviation  or  (variance)*^*. 

‘<’=  Students  ‘I’  value. 

P  =  Level  of  probability  indicated  by  the  ‘V  value. 


Qo,  values  for  liver,  in  both  normal  control  and  operated  animals,  were 
much  more  variable,  as  can  be  seen  from  the  standard  deviation  values. 
There  is  a  decrease  in  the  liver  Qo,  values  after  thyroidectomy,  which  l)e- 
comes  significant  after  4-6  weeks.  The  values  for  the  liver  weight,  calcu¬ 
lated  per  100  gms.  of  body  weight,  are  recorded  in  Table  2.  The.se  values 
follow  the  same  pattern  as  the  liver  Qo,  values,  and  there  is  a  decrease 
which  is  significant  after  4-6  weeks.  The  livers  at  this  time  presented  a 
fatty  appearance.  It  is  worth  noting  that  the  brain  cortex  .slices  of  the  nor¬ 
mal  control  rats  were  able  to  respire  at  a  practically  constant  rate  for  at 
least  three  hours  and  that  this  constancy  remained  unaltered  after  thy¬ 
roidectomy. 

As  the  Qo,  values  for  brain  cortex  remained  so  constant  after  thyroidec¬ 
tomy,  a  few  further  experiments  were  carried  out  to  see  whether  ablation 
of  adrenals  or  testes  coupled  with  thyroidectomy  would  influence  the  O2  up¬ 
take.  The  results  were  negative,  as  can  be  seen  in  Table  3.  Neither  addi¬ 
tional  adrenalectomy  nor  additional  castration  influenced  the  O2  uptake  of 
brain  cortex  in  a  significant  way. 


Table  2.  Liver  weight/ 100  gm.  body  weight 


Days  after 
operation 

No.  of 
rats  1 

i 

Liver  weight  per 
100  gm.  body 
weight  1  S.D. 

‘t’  1 

P 

1 

0 

22 

3.61 10.77 

j 

7 

5 

3.1410.59 

1.52 

0.2  -0.1 

14 

4 

3.61 11.10 

0.0 

— 

21 

5 

3.1310.27 

1.17 

0.3  -0.2 

28 

5 

2.87  ±0.37 

3.22 

0.01-0.001 

35 

5 

2.51  ±0.50 

3.93 

>0.001 

42 

5 

2.85  ±0.61 

2.38 

0.05-0.02 

Legend:  S.D.  =  Standard  deviation  or  (variance)*/*. 

<=  Students  ‘V  value. 

P  =  Level  of  probability  indicated  by  the  ‘1’  value. 
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Table  3.  LwESTKiATioNs  after  further  operative  procedures 


First 

operation 

No.  of  days 
between 
operations 

1 

Second 

operation 

No.  of  days 
between 
final  opera¬ 
tion  and 
experiment 

1 

No.  of  rats 

Qo,±S.D. 

_ 

25 

8.57+0.65 

Adrenalectomy 

j  _ 

3 

2 

8.14±0.125 

Castration 

6 

2 

8.61  ±0.195 

Thyroidectomy 

40-90 

1  Castration 

3-28 

1  5 

8.31  +0.38 

Thyroidectomy 

40-80 

.\drenalectomy 

3 

1  ^ 

8.39  ±0.155 

Castration 

40-90 

^  Thyroidectomy 

7-35 

3 

8.61  ±0.36 

Legend:  S.D.  =  Standard  deviation  or  (variance)*^*. 


DISCUSSION 

Several  workers  have  shown  that  the  O2  uptake  of  brain  cortex  remains 
unaltered  after  various  experimental  procedures.  Brophy  and  McEachern 
(1949)  found  that  the  brain  cortex  of  thyroxine-treated  rats  maintained  a 
normal  uptake  and  that  the  livers  of  these  animals  showed  a  variable  re¬ 
sponse.  Barker  and  Klitgaard  (1952)  found  that  in  addition  to  brain,  the 
Qo,  of  slices  of  testis  and  spleen  were  not  significantly  changed  one  month 
after  thyroidectomy,  or  by  administration  of  thyroxine.  Crimson  and  Field 
(1940)  found  no  change  in  the  O2  uptake  of  brain  cortex  of  adrenalecto- 
mised  rats.  Macleod  and  Reiss  (1940)  found  no  change  after  hypophysec- 
tomy.  Sprites  (1941)  found  no  change  in  the  oxygen  uptake  of  brain  cortex 
of  thyrotoxic  guinea-pigs,  and  Gordon  and  Heming  (1944)  showed  that 
thyroid  treatment  had  no  effect  on  the  oxygen  uptake  of  rat  brain  cortex. 
Conflicting  results  were  reported  by  Eisenberg,  Gordan  and  Elliott  (1949), 
who  found  that  the  respiration  rate  of  brain  suspensions  of  castrated  rats 
was  32%  above  normal,  and  by  Cohen  and  Gerard  (1937),  who  found  an 
increase  in  the  O2  uptake  of  brain  mince  in  thyroid-treated  rats. 

As  the  O2  consumption  of  brain  cortex  is  a  resultant  of  the  various  meta¬ 
bolic  processes  taking  place  in  the  tissue,  its  constancy  in  the  rats  can  be 
explained  in  two  ways;  either  that  the  various  metabolic  processes  are  un¬ 
altered,  which  is  unlikely,  or  that  there  are  changes  in  the  single  metabolic 
components  which  do  not,  however,  alter  the  final  balance.  This  would  indi¬ 
cate  that  the  equilibrium  of  the  oxidative  processes  in  the  brain  is  better 
regulated  than  in  other  organs.  It  would  be  interesting  to  see  whether 
brains  of  higher  species  react  similarly. 

The  metabolic  processes  of  the  liver  are  influenced  by  thyroidectomy. 
Entenman,  Chaikoff  and  Reichert  (1948)  found  fatty  livers  in  thyroidecto- 
mised  dogs.  As  the  O2  uptake  of  the  liver,  in  both  normal  control  and  thy- 
roidectomised  rats,  is  variable,  it  is  difficult  to  evaluate  the  changes  which 
occur  after  thyroidectomy.  Here  again  the  possibility  of  compensatory 


4 


HOEXTER 


Volume  54 


mechanisms  cannot  be  excluded.  It  would  seem  that  the  increase  in  glyco¬ 
gen  content  of  the  liver  after  thyroidectomy  (De  Minjer,  1948)  is  a  more 
constant  and  pronounced  effect  than  the  fall  in  over-all  O2  uptake  of  the 
liver. 


SUMMARY 

The  O2  uptake  of  brain  cortex  and  liver  in  normal  control  and  thyroidec- 
tomised  rats  was  investigated.  The  O2  uptake  of  brain  cortex  remained 
unchanged  1-6  weeks  after  thyroidectomy.  The  O2  uptake  of  the  liver  was 
influenced  by  thyroidectomj',  and  was  significantly  decreased  after  4-6 
weeks. 

The  effect  on  the  O2  uptake  of  brain  cortex  of  adrenalectomy  or  castra¬ 
tion  coupled  with  thyroidectomy  was  investigated.  Neither  additional 
adrenalectomy  nor  additional  castration  influenced  the  O2  uptake  of  brain 
cortex  in  a  significant  way. 
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THE  INTRACELLULAR  LOCALIZATION  OF  LABELED 
THYROXINE  AND  LABELED  INSULIN  IN 
MAMMALIAN  LIVERS 

NORMAN  D.  LEE2  and  ROBERT  H.  WILLIAMS 

Department  of  Medicine,  University  of  Washington  School  of  Medicine, 

Seattle,  Washington 

IMPLICIT  in  every  endocrinological  experiment  is  the  concept  of  a 
specific  site  of  hormone  action.  This  concept  may  be  expressed  with 
varying  degrees  of  precision  and  defined  in  either  physiological  or  ana¬ 
tomical  terms.  It  is  a  truism,  however,  that  hormone  action  must  be  ulti¬ 
mately  referable  to  the  chemistry  of  the  cell.  When  \dewed  in  this  manner 
the  following  questions  assume  fundamental  importance:  (1)  do  hormones 
penetrate  the  cell  wall  and  enter  the  cytoplasm,  and  (2)  if  so,  is  their 
intracellular  existence  associated  with  cytological  structures? 

These  questions  have  not  been  entirely  ignored.  The  mere  fact  that  hor¬ 
mones  are  secreted  into  the  blood  and  may  be  found  in  the  urine  or  in¬ 
testinal  contents  is  ample  evidence  for  transmission  across  cell  membranes. 
Such  observations  are  of  limited  usefulness,  however,  with  respect  to  the 
above  questions  and  a  paucity  of  information  exists  in  this  area.  The  inves¬ 
tigations  of  Stadie,  et  al.  (1949),  Hills  and  Stadie  (1952)  and  Haugaard 
and  Marsh  (1952)  on  insulin  binding  to  tissue  are  notable  contributions. 
However,  a  direct  study  of  these  questions  has  been  confined  solely  to  the 
work  of  Lipner,  et  al.  (1952a,  1952b).  The  present  report  is  concerned  with 
the  nature  of  the  cellular  penetration,  cytoplasmic  distribution  and  bind¬ 
ing  of  P’Mabeled  thyroxine  and  insulin  in  the  liver  of  the  adult  female 
albino  rat. 

METHODS 

1.  Isotopic  Preparations 

Ij-Tliyroxine-I'***,  labeled  in  the  3',  5'  positions,  was  used  in  doses  of  0.09  or  6.0 
iuid  contained  1.6  to  5.0  pc.  Insulin  was  labeled  with  I'®*  according!;  to  Ferrebee’s 
l)rocedure  (1951),  the  startiiif;  material  beiii}?  crystalline  zinc  insulin.^  The  iodinated 

Received  for  i)ublication  April  6,  1953. 

*  These  investigations  were  supported  bj’  the  Atomic  Energy  Commission,  Contract 
No.  AT(45-l)-247. 

*  Pre.sent  address:  Radioisotope  Unit,  Veterans  Administration,  Medical  Teaching 
Group  Hospital,  Memphis,  Tenn. 

®  Obtained  from  Abbott  Laboratories,  North  Chicago,  Illinois. 

*  The  crystalline  zinc  insulin,  26  units/mg.  was  a  gift  of  the  Eli  Lilly  Company. 
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product  was  hypoglycemic  to  rabbits,  assayed  according  to  prediction  by  the  in  vitro 
method  of  Groen,  et  al.  (1952)  and  was  shown  chromatographically  to  contain  only  pro¬ 
tein  bound  radioactivity.  The  activity  of  the  product  was  of  the  order  of  300  txe/mg  and 
the  dose  ranged  from  0.158  to  1.76  units.  In  certain  control  experiments  iodinated  human 
serum  albumin  labeled  with  1”^  (IHSA)*  was  administered  in  doses  of  1  pc.,  containing 
about  20  pgm.  of  protein.  Carrier-free  radioactive  iodine  was  obtained  from  Oak  Ridge. 

2.  Experimental  Procedure 

Female  Sprague-Dawley  rats,  raised  in  the  local  colony  and  weighing  from  160  to  278 
grams,  were  used  in  all  experiments  and  were  fed  the  stock  diet  ad  libitum.  All  isotopic 
preparations  were  injected  in  the  tail  vein  in  0.25  ml.  of  0.9%  NaCl  using  ether  anesthesia. 
After  allotted  time  intervals,  the  animals  were  reanesthetized  and  exsanguinated.  The 
liver  was  immediately  removed  and  rinsed  in  ice  cold  alkaline  KCl.  In  some  experiments 
the  liver  was  first  perfused  in  situ  with  an  ice  cold  modified  Ringer’s  solution  (Gey  and 
Gey,  1936).  The  perfusion  medium  was  introduced  through  a  20  gauge  needle  from  a  30  ml. 
syringe.  The  needle  was  inserted  in  the  portal  vein  and  tied  in  place,  the  superior  vena 
cava  was  cut  open,  and  the  liquid  was  forced  through  the  liver  under  gentle  pressure. 
This  organ  was  usually  completely  blanched  after  1-3  ml.  were  administered,  but  the 
procedure  was  always  continued  until  the  entire  30  ml.  were  used.  The  entire  operation 
did  not  take  over  two  minutes. 

All  subsequent  work  was  carried  out  in  the  cold  room  or  under  similar  conditions  of 
refrigeration.  A  10%  homogenate  was  prepared  using  isotonic  sucrose  solution  and  an 
aliquot  was  taken  as  representative  of  the  intact  liver.  Nuclear,  mitochondrial,  micro¬ 
somal  and  residual  fractions  were  obtained  by  successive  10  minute  centrifugations  of 
the  homogenate  at  600Xg.,  ll,000Xg.  and  100,000xg.,  respectively,  the  residual  frac¬ 
tion  being  defined  as  the  supernate  from  the  100,000 Xg.  spinning.  The  radioactivity  of 
these  fractions  was  directly  estimated  with  a  cup-type  gamma  counter  and  the  results 
expre.ssed  as  per  cent  administered  radioactivity/gram  of  liver  or  as  per  cent  distribution 
among  the  liver  intracellular  structures. 

RESULTS 

I.  Distribution  Studies 

The  following  questions  were  considered  in  the  investigation  of  the 
problems  of  the  cellular  penetration  and  intracellular  fixation  of  labeled 
insulin  and  thyroxine:  (1)  Does  the  presence  of  radioactivity  in  the  liver 
indicate  that  the  hormone  has  penetrated  the  cytoplasm?  Perfusion  stud¬ 
ies  were  executed  to  show  whether  radioactivity  is  easily  removable  or 
not  and  thus  give  an  initial  answer.  More  definitive  would  l^e  the  finding 
of  strong  and  characteristic  association  of  radioactivity  with  various 
subcellular  fractions,  especially  the  particulate  elements  (nuclei,  mito¬ 
chondria  and  microsomes).  (2)  Can  the  association  of  radioactivity  with 
the  subcellular  fractions  be  attributed  to  passive  phenomena  occurring 
subsequent  to  homogenization  of  the  liver,  or  can  such  information  be 
shown  to  be  dependent  on  cellular  integrity,  thus  indicating  the  active 
and  physiological  nature  of  the  binding  processes?  This  question  was 
directly  investigated  by  comparison  of  distribution  data  following  intra- 
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venous  administration  of  the  labeled  factor  with  similar  data  obtained  by 
mixing  the  labeled  factor  with  an  homogenate.  (3)  Does  the  fact  that  in¬ 
sulin  is  a  foreign  protein  entirely  account  for  the  data  obtained?  This 
question  was  investigated  by  executing  similar  studies  employing  IHSA. 
(4)  What  role  does  catabolism  and  subsequent  distribution  of  radioactive 
iodide  play  in  characterizing  hormone  distribution? 

A.  Insulin-P^^.  Inspection  of  Table  1  shows  that  within  5  minutes  after 
the  intravenous  administration  of  insulin-P®\  the  concentration  within  the 
liver  was  2.10%  of  the  administered  do.se/gram  of  ti.ssue.  This  value  clearly 
indicates  an  active  removal  of  in.sulin  from  the  blood  by  the  liver.  Further¬ 
more,  the  major  portion  of  the  radioactivity  in  the  liver  was  associated 
with  the  non-nuclear  fraction  of  the  homogenate  and  was  distributed 
approximately  equally  among  the  various  subcellular  constituents  within 


Table  1.  The  localization'  of  radioactivity  in  rat  liver  five  minutes 
AFTER  THE  INTRAVENOUS  ADMINISTRATION  OF  INSULIN-!*’' 


In  vivo 

In  vitro 

%  of  dost'/gram  of  liver 

I'll  perfused 

(I) 

2.10+0.19* 

Perfused 

(II) 

1.94+0.18 

(III) 

Intracellular  distribution  of 
radioactivity  in  liver,  % 
Nuclear  P’raction 
Motochondrial  P'raction 
Microsomal  P'raction 

Residual  P'raction 

Recovery 

10.8+0.42 

20. 8  +  1. .58 
:i2.8+0.79 

:w.8  +  i  .2:1 

104  ±1.28 

8. 4+0. .38 
27.0+2.08 

34.0  ±1 .09 
30.9+3.08 

100  +1.32 

8.40t 

0.20 

14.0 

72.0 

101 

Number  of  experiments 

5 

9 

2 

I)osi‘,  units  of  insulin 

0.29.5  1 .57 

0.158-1 .70 

0.811 

*  Mean  ±. standard  error. 

t  No  statistical  treatment  is  given  when  less  than  4  experiments  are  reported. 


this  compartment.  Perfusion  showed  this  radioactivity'  to  be  firmly  bound 
since  only  a  statistically  insignificant  portion  could  be  removed  and  the 
intracellular  distribution  remained  unaffected.  This  finding  is  in  accord 
with  the  demonstration  of  the  rapid  and  firm  binding  of  in.sulin  to  tissue 
in  vitro  (Stadie,  et  al.  1949,  Hills  and  Stadie,  1952,  and  Haugaard  and 
Marsh,  1952). 

It  might  be  argued  that  insulin-P®^  is  confined  to  the  cell  wall  and/or 
is  in  .solution  within  the  cell.  Consequently,  the  distribution  data  presented 
in  these  studies  would  be  characteristic  of  a  passive  phenomenon  such  as 
adsorption  occurring  subsequent  to  homogenization.  If  this  were  so,  then 
addition  of  insulin-P®^  to  an  homogenate  should  result  into  its  distribution 
being  very  similar  to  that  found  for  the  in  vivo  experiment.  Comparison 
of  columns  I  and  III  of  Table  1  shows  this  not  to  be  the  case;  it  therefore 
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follows  that  insulin-P®‘  was  taken  into  the  cell  and  distributed  among  the 
various  subcellular  components  by  active  processes  characteristic  of  cellu¬ 
lar  integrity. 

B.  Thyroxine-P^^.  Within  5  minutes  after  the  intravenous  administra¬ 
tion  of  L-thyroxine-P®^  the  liv'er  contained  8.35%  of  the  administered  dose 
per  gram  (Table  2).  However,  binding  of  the  hormone  was  not  complete 
since  approximately  40%  of  the  radioactivity  could  be  removed  by  per¬ 
fusion.  Furthermore,  perfusion  losses  were  widely  different  for  the  various 
subcellular  constituents,  thus  resulting  in  a  marked  difference  in  distribu¬ 
tion  as  compared  with  the  unperfused  liver.  Analysis  of  the  data  for 
columns  I  and  II  shows  the  following  changes  had  occurred:  nuclear  frac- 


Tabll  2.  The  localization  of  radioactivity  in  rat  liver  five  minutes  after 
THE  intravenous  ADMINISTRATION  OF  THYROXINE-I‘’‘ 


In  vivo 

In  vitro 

%  of  dose /gram  of  liver 

Un  perfused 

(I) 

8.:i5±o.5y 

Perfused 

(II) 

5.io+o.:ii 

(III) 

Intracellular  distribution  of 
radioactivity,  % 

Nuclear  Fraction 

20.2  +0.51 

40. :i  +0.04 

17.2 

Mitochondrial  Fraction 

48.8  +1.88 

;10.6  +1.32 

12.0 

Microsomal  Fraction 

2:1.0  +2.60 

15.4  +1.10 

40.7 

Residual  Fraction 

6.10+0.01 

4.16+0.44 

30.2 

Recovery 

08.6  ±1.06 

00.5  ±2.06 

100 

Number  of  experiments 

4 

4 

2 

Dose,  MKHi.L-thyroxine 

0.00 

0.00 

0.00 

tion,  -+-22%;  mitochondrial  fraction,  —51%;  microsomal  fraction,  —60%; 
residual  fraction,  —57%. 

Comparison  of  columns  I  and  III  of  Table  2  leads  to  the  same  general 
conclusion  as  stated  for  insulin-^®‘;  namely,  L-thyroxine-P®‘  was  taken  into 
the  liver  cell  and  distributed  among  the  subcellular  constituents  by  active 
proce.sses  characteristic  of  cellular  integrity.  However,  since  an  appreciable 
fraction  of  the  localized  radioactivity  could  be  removed  by  perfusion,  and 
the  intracellular  distribution  be  affected  in  both  absolute  and  relative 
terms,  it  is  obvious  that  thyroxine  binding  was  neither  as  firm  nor  as 
straightforward  as  in  the  case  of  insulin-P®‘.  This  property  will  be  dis- 
cu.ssed  in  one  of  the  following  sections  of  this  report. 

C.  lodinated  Human  Serum  Albumin-P^'^  (IHSA).  Table  3  presents  the 
data  from  experiments  in  which  the  intracellular  distribution  of  IHSA 
was  studied.  These  data  are  in  distinct  contrast  to  those  obtained  for  in- 
sulin-P®‘  (Table  1).  Within  5  minutes  after  intravenous  administration 
the  liver  contained  only  0.81%  of  the  dose/gram  of  tissue  and  approxi- 
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Table  3.  The  localization  ok  radioactivity  in  rat  liver  five  minutes  after 
THE  INTRAVENOUS  ADMINISTRATION  OF  IHSA 


In  vivo 

In  vitro 

%  dose/gram  of  liver 

Unperfused 

(I) 

0.81  ±0.06 

Perfused 

(ID 

0.31  +0.01 

(III) 

Intracellular  distribution  of 
radioactivity,  % 

Nuclear  Fraction 

6.66±0.41 

7.97  +  1.01 

3.68 

Mitochondrial  Fraction 

7.36+0.63 

19.7  +0.83 

2.04 

Microsomal  Fraction 

10.4  +1.24 

29.3  +0.31 

1 .62 

Residual  Fraction 

74.0  +3.75 

45.5  +1.61 

92.8 

Recovery 

08.0  +3.11 

102  +3.10 

100 

Number  of  experiments 

4 

4 

2 

Dose,  MRni.  protein 

20 

20 

10 

matelj"  62%  of  that  was  removable  by  perfusion.  Although  perfusion 
resulted  in  a  different  distribution  among  the  subcellular  components,  it 
should  be  pointed  out  that  the  main  source  of  the  perfusible  radioactivity 
was  in  the  residual  fraction.  This  fraction,  by  reason  of  the  method  of  its 
isolation,  represents  not  only  the  non-particulate  portion  of  the  cell  but 
also  the  intra-  and  extracellular  fluids.  Therefore,  the  radioactive  material 
found  in  this  fraction  must  be  considered  as  unfixed  to  any  subcellular 
structural  element,  and  probably  for  that  reason  easily  removable  by 
perfusion.  Comparison  of  column  I  with  column  II  and  I  with  III  is  in 
accord  with  this  analysis.  The  similarity  in  distribution,  the  finding  of  the 
major  portion  of  the  radioactivity  in  the  residual  fraction  for  all  experi¬ 
mental  groups,  supports  the  argument  that,  of  the  IHSA  present  in  the 
liver,  most  of  it  is  unfixed  to  cytostructural  elements  and  is  either  in  solu¬ 
tion  extracellularly  and  or  in  solution  intracellularly  and  in  rapid  equilib¬ 
rium  with  the  extracellular  fluid. 

The  values  for  the  mitochondrial  and  microsomal  fractions  indicate  per¬ 
fusion  caused  relatively  little  loss  of  radioactivity  from  these  structures. 
The  significance  of  this  is  conjectural  at  present  but  it  may  be  offered  as 
unproved  assumption  that  this  firm  binding  may  be  related  to  the  anti¬ 
genicity  of  the  IHSA. 

D.  lodide-P^^.  In  view  of  the  preceding  sections  the  data  of  Table  4 
can  be  analyzed  quite  readily.  After  the  intravenous  administration  of 
iodide-P*^  almost  all  of  the  radioactivity  in  the  liver  was  in  solution  intra¬ 
cellularly  and/or  extracellularly.  Although  perfusion  resulted  in  a  63%  loss, 
the  similarity  in  distribution  data  for  columns  I  and  II  shows  that  the 
radioactivity  associated  with  the  nuclear,  mitochondrial  and  microsomal 
elements  was  in  rapid  equilibrium  with  the  radioactivity  in  solution.  Fur¬ 
thermore,  that  which  was  found  associated  with  cytostructural  elements 
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Table  4.  The  localization  of  radioactivity  in  rat  liver  five  minutes  after 

THE  INTRAVENOUS  ADMINISTRATION  OF  IODIDE-I‘’‘ 


In  vivo 

In  vitro 

%  of  dose/gram  of  liver 

Unperfused 

(I) 

0.49+0.03 

Perfused 

(ID 

0.18±0.02 

(HI) 

Intracellular  distribution  of 
radioactivity,  % 

Nuclear  Fraction 

6.90+0.28 

5.87  ±0.96 

6.76 

Mitochondrial  Fraction 

5.55  +  1.20 

5.90  +  1.42 

4.79 

Microsomal  Fraction 

4.94+0.26 

6.26+0.55 

3.33 

Residual  Fraction 

89.0  +4.82 

82.8  +7.43 

81.2 

Recovery 

107  ±6.34 

101  ±5.58 

96.1 

Number  of  experiments 

4 

4 

2 

Dose 

Carrier-free 

Carrier-free 

Carrier-free 

could  be  obtained  merely  by  mixing  the  isotopic  material  with  an  homog¬ 
enate;  consequently,  the  distribution  values  appear  to  be  characteristic 
of  passive  phenomena,  probably  adsorption,  and  not  of  the  same  mecha¬ 
nisms  operative  in  the  studies  with  insulin-P®^  and  thyroxine-^®^  in  vivo. 

II.  Time  Studies 

After  the  intravenous  administration  of  either  insulin-P®‘  or  thyroxine- 
a  semi-logarithmic  plot  of  the  per  cent  of  the  administered  dose  ^gram 
of  liver  with  respect  to  time  shows  the  loss  of  radioactivity  to  correspond 
to  two  straight  line  phases  (Fig.  1).  These  plots  are  individually  charac¬ 
teristic  for  the  hormone  considered  and  are  distinctly  different  with  re¬ 
spect  to  comparable  phases.  That  the  earlier  phase,  0-30  minutes,  is  related 
to  mixing  of  the  hormone  in  the  vascular  and  extracellular  fluids  and  to 
translocation  across  cell  membranes  is  undoubtedly  of  importance  in 
interpretation.  However,  the  distribution  data  presented  below  clearly 
shows  these  phases  to  be  representative  of  underlying  intracellular  phe¬ 
nomena  characteristic  for  the  hormone. 

A.  Insulin-P^^.  Within  5  minutes  after  intravenous  administration  of 
insulin-P®‘  the  liver  contained  2.10%  of  the  administered  radioactivity 
/gram  (Table  5).  At  30  minutes  this  value  had  fallen  to  0.69%  and  at  60 
minutes  to  0.51%.  These  losses  amounted  to  68%  and  76%,  respectively. 
Further  inspection  of  Table  5  reveals  that  radioactivity  was  lost  from  all 
fractions  as  the  duration  of  the  experiment  continued  but  that  these  losses 
appeared  to  occur  at  rates  which  were  individually  different  for  each  frac¬ 
tion. 

This  conclusion  becomes  manifest  by  inspection  of  Figure  2  which  shows 
the  above  mentioned  differential  loss  rates  to  be  reflected  in  sharp  changes 
in  intracellular  distribution.  When  the  liver  content  of  insulin-I‘®^  was 
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Fig.  1.  The  relation  lietween  time  and  the  concentration  of  radioactivity  in  rat  liver 
after  intravenous  administration  of  thyroxine-I*’‘  and  insulin-I'®*. 

2,10%  of  the  administered  dose/gram,  the  distribution  of  intracellular 
radioactivity  fell  into  two  main  groups,  the  microsomal  and  residual  frac¬ 
tions  having  more  than  the  nuclear  and  mitochondrial  fractions.  By  the 
time  the  tissue  concentration  of  isotope  had  fallen  68%  (30  minutes)  the 
residual  fraction  contained  the  greatest  portions  of  the  radioactivity  pres¬ 
ent,  the  nuclear  and  mitochondrial  fractions  were  intermediate  in  value  and 
the  microsomal  fraction  contained  least.  This  pattern  of  distribution  per¬ 
sisted  for  the  remainder  of  the  interval  under  study,  the  only  changes 
noted  being  quantitative  rather  than  qualitative.  These  curves  may  be 
described  as  showing  that,  relative  to  the  rate  of  loss  of  radioactivity  of 
liver  tissue  as  a  whole  the  microsomal  rate  of  loss  was  faster,  that  for  the 
nuclear  and  mitochondrial  fractions  the  same  as  for  the  whole  tissue,  and 
that  for  the  residual  fraction  being  slower  than  that  for  the  whole  liver. 
These  conditions  prevailed  until  a  condition  (30-60  minutes)  was  obtained 
under  which  the  relative  distribution  within  the  cell  remained  constant. 
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I'lG.  2.  Relation  between  time  and  distribution  of  radioactivity  in  rat  liver 
after  intravenous  administration  of  insulin-I'®'. 


B.  Thyroxine-P^^.  Within  5  minutes  after  the  intravenous  administra¬ 
tion  of  L-thyroxine-P®^  the  liv’er  contained  8.35%  of  the  administered 
dose/gram  (Table  5).  This  value  fell  to  4.50%  at  30  minutes  and  3.88% 


Table  5.  The  distribition  of  radioactivity  in  rat  liver  at  various  time  intervals 

FOLLOWING  THE  INTRAVENOUS  ADMINISTRATION  OF  IN8ULIN-I*”  OR  THYROXINE-I*’^* 


Time  interval,  min. 

Insulin-im 

Thyroxine-F** 

5 

15 

30 

60 

5 

15 

30 

60 

Liver 

2.10± 

0.19 

1.23± 

0.05 

0.69  ± 
0.01 

0.51  ± 
0.04 

8.35± 

0..59 

6.20± 

0.44 

4.50± 

0.09 

3.88± 

0.12 

Nuclear  Fraction 

0.23± 

0.01 

0.21  ± 
0.02 

0.12± 

0.01 

0.11± 

0.02 

1.68± 

0.04 

0.97  ± 

o.o;i 

0.97  + 
0.07 

0.77± 

0.09 

Mitochondrial  Fraction 

0.!j6± 

0.03 

0.34  + 
0.01 

0.18± 

0.01 

0.12± 

0.01 

4.06± 

0.16 

1 .3;i± 
0.05 

1.11± 

0.04 

1.02  + 
0.05 

Microsomal  Fraction 

0.68± 

0.02 

0.22± 

0.01 

0.08  + 
O.OOG 

0.04  + 
0.005 

1.99± 

0.22 

2.. 54  + 
0.03 

1 .70  + 
0.04 

1  .48  + 

0. 10 

Residual  Fraction 

0.71  ± 
0.03 

0.41± 

0.03 

0.27  ± 
0.01 

0.26± 

0.01 

0.51± 

0.08 

1.19± 

0.07 

0.86± 

0.04 

0.66± 

0.02 

Recovery 

104  ± 

1.28 

95. 9± 
2.35 

94. 2± 
2.41 

104  ± 

5.91 

98. 6± 
1.96 

97. 3± 
1.59 

103  ± 

2.56 

101  ± 

0.92 

Dose 

0.245 

units 

0.245 

units 

0.245 

units 

0.245 

units 

0.09 

/MKm. 

0.09 

/MfEm. 

6.0 

/Mgm. 

0.09 

/MKm. 

*  Data  are  expressed  as  %  of  administered  dose /gram  of  liver  or/total  fraction  from  1  gram  of  liver. 
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at  60  minutes,  those  losses  amounting  to  46%  and  53%,  respectively. 
Coincident  with  this  picture  was  a  series  of  striking  changes  in  the  intra¬ 
cellular  distribution  of  radioactivity.  The  amount  of  associated  with 
the  nuclear  and  mitochondrial  fractions  either  diminished  during  the 
entire  period  under  study  or  was  held  constant  for  a  brief  interval.  On  the 
other  hand,  there  was  an  absolute  as  welPas  relative  gain  in  the  amount 
of  radioactivity  associated  with  the  microsomal  and  residual  fractions 
within  15  minutes  after  the  experiment  began.  These  increments  amounted 
to  33%  and  143%,  respectively.  Once  this  initial  phase  had  occurred,  the 
relative  distribution  remained  reasonably  constant  over  the  remainder 
of  the  experimental  period  (Fig.  3).  This  constancy  of  pattern,  as  well  as 


'  '  '  •  '  I - 1 - 1 —  I - 1-  I  I 

15  30  45  60 

Minutes 


Fio.  3.  Relation  between  time  and  distribution  of  radioactivity  in  rat  liv^er 
after  intravenous  administration  of  thyroxine-I*®*. 
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the  quantitativ'e  data,  is  in  good  agreement  with  the  findings  of  Lipner, 
et  al.  (1952a)  in  which  the  time  interval  employed  ranged  from  3  through 
24  hours. 

C.  lodinated  Human  Serum  Alhumin-H^^  (IHSA).  The  relations  ob¬ 
served  following  the  intravenous  administration  of  IHSA  (Fig.  4)  are 
roughlj"  similar  to  those  observed  for  insulin-P®‘  (Fig.  2).  The  most  signifi- 


Minutes 

Fig.  4.  Relation  between  time  and  distribution  of  radioactivity  in  rat  liver 
after  intravenous  administration  of  IHSA. 

cant  difference  is  that  for  IHSA  the  role  of  the  residual  fraction  was  much 
more  pronounced.  It  should  be  further  noted  that  by  30  minutes  the 
persistent  distribution  relationships  had  appeared  with  the  major  portion 
of  the  radioactivity  being  associated  with  the  residual  fraction. 

III.  Thyroxine- Binding  to  Cytostructural  Elements 

It  was  previously  shown  that  an  insignificant  portion  of  the  insulin 
radioactivity  could  be  removed  by  perfusion  (Table  1)  whereas  39%  of  the 
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isotope  could  be  washed  out  after  thyroxine-P®‘  administration  (Table  2). 
Perfusion  also  resulted  in  distinctive  changes  in  the  intracellular  distribu¬ 
tion  of  radioactivity  for  the  thyroxine  experiment,  whereas  none  could  be 
observed  for  the  insulin  experiment.  Finally,  after  the  intravenous  adminis¬ 
tration  of  thyroxine-P^S  both  the  absolute  and  relative  amounts  of  liver 
radioactivity  that  could  be  removed  by  perfusion  diminished  as  the  dura¬ 
tion  of  the  experiment  continued  (Table  6).  The  amount  of  radioactivity 
present/ gram  of  liver  at  60  minutes  was  45%  of  the  5  minute  value, 
whereas  the  amount  that  could  be  removed  by  perfusion  was  only  6.8%. 
These  results  may  be  explained  by  the  following  alternatives:  (1) 


Table  6.  Effect  of  perfusion  at  different  times  after  intravenous 
ADMINISTRATION  OF  THYROXINE-I*^‘ 


5  min. 

15  min. 

00  min. 

%  Administered  radioaetivity/gm.  liver 

1)  Refore  perfusion 

8.35 +U. 59 

0.20 

3.88 

2)  After  perfusion 

5.10+0.31 

5.04 

3.00 

%  Administered  radioactivity  removed 

3.25 

11.0 

0.22 

%  Localized  radioactivity  removed 

38.7 

18.7 

5 . 07 

Dose,  L-thyroxine/|igm. 

0.09 

0.09 

0.09 

Thyroxine-P®^  is  entirely  bound  in  the  liver  in  two  compartments,  being 
easily  removed  from  one  by  perfusion  and  not  removed  from  the  other. 
(2)  Thyroxine-I^®’  is  not  entirely  bound  in  the  liver,  one  fraction  being 
soluble  in  the  extracellular  fluid  or  in  rapid  equilibrium  with  it  and  easily 
removed  by  perfusion  and  the  other  not  removed  by  perfusion. 

If  only  thyroxine  in  solution  is  removable  from  these  fractions  by  dialysis 
then  a  critical  test  of  the  above  alternatives  could  be  effected  by  the  use 
of  this  technique.  If  the  first  alternative  is  correct,  dialysis  of  the  unfrac¬ 
tionated  homogenate  and  the  residual  fraction  should  result  in  little  or  no 
loss  of  radioactivity  from  both.  If  the  second  is  correct,  marked  losses 
should  appear  in  both.  The  dialysis  consisted  of  3  to  4  changes  of  ]M/15 
phosphate  buffer,  pH  7.4,  lasting  over  18  hours  and  with  constant  agita¬ 
tion.  The  results  are  presented  in  Table  7. 

Inspection  of  the  values  for  the  liver  and  the  residual  fraction  for  the 
15  minute  series  shows  no  appreciable  loss  of  label  from  the  former  and 
little  from  the  latter  after  dialysis.  At  60  minutes,  the  loss  from  the  residual 
fraction  approximates  that  for  the  perfusion  series.  However,  this  is  most 
probably  the  result  of  the  removal  of  radioactive  iodide  arising  from 
thyroxine-P®^  catabolism.  This  argument  is  supported  by  the  fact  that, 
under  identical  conditions,  no  P®^  can  be  found  in  the  thyroid  after 
thyroxine-'®^  administration  until  60  minutes  has  elapsed  (Elgee  et  al., 
unpublished  data).  Consequently  these  results  support  the  alternative 
that  thyroxine  is  entirely  bound  in  the  liver  in  two  compartments  and 
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Table  7.  Effect  of  perfusion  and  dialysis  on  the  binding  of  radioactivity  at  dif¬ 
ferent  TIMES  AFTER  INTRAVENOUS  ADMINISTRATION  OF  THYROXINE-I‘’‘ 


15  min. 

60  min. 

removed  by: 

Perfusion 

Dialysis 

Perfusion 

Dialysis 

Liver 

18.6 

2.1 

5.7  - 

1 .9 

Nuclear  Fraction 

-f-53  (Rain) 

8.2 

4-9  (Rain) 

16.5 

Mitochondrial  Fraction 

10.7 

6.5 

20.7 

16.2 

Microsomal  Fraction 

;12.8 

0.6 

5 . 7 

4.7 

Hesidual  Fraction 

46.8 

8.4 

22.6 

I6.:i 

Number  of  experiments 

4 

2 

4 

2 

Dose,  L-thyroxine,  mKdi- 

0.09 

0.09 

0.09 

0.09 

these  compartments  may  be  operationally  defined  in  terms  of  perfusion 
and  dialysis  experiments. 

The  results  of  perfusion  or  dialysis  at  15  or  60  minutes  after  thyroxine 
administration  exhibit  the  following:  (1)  Dialysis  showed  that,  with  the 
passage  of  time,  thyroxine-P®^  binding  was  less  firm.  This  is  particularly 
evident  with  respect  to  the  nuclear  and  mitochondrial  fractions.  (2)  Per¬ 
fusion  showed  that  thyroxine-P®^  was  more  firmly  bound  at  60  minutes 
than  at  15  minutes.  In  addition,  distribution  values  showed  thyroxine 
binding  was,  with  respect  to  time,  less  labile  for  the  microsomal  and 
residual  fractions  and  more  labile  for  the  mitochondrial  fraction.  The 
values  for  the  nuclear  fraction  are  curious  inasmuch  as  they  are  the  result 
of  a  net  gain  in  radioactivity  following  perfusion. 

In  view  of  these  results  the  predicted  concomitants  of  perfusion  studies 
were  observed,  thus  supporting  the  view  that  insulin  is  firmly  bound 
whereas  thyroxine  binding  is  specified  in  terms  of  time  and  locus.  Further 
evidence  of  the  firmness  of  thyroxine-P®^  binding  is  provided  by  the  fact 
that  the  protein  of  the  various  subcellular  fractions  may  be  denatured 
and  precipitated  and  still  retain  radioactivity  (Lipner  et  ah,  1952a). 

DISCUSSION 

The  following  appears  to  be  the  course  of  events  when  insulin-I‘®^  or 
thyroxine-P®‘  is  presented  to  the  liver  by  the  blood.  The  hormone  is  ac¬ 
tively  concentrated  by  the  liver.  Five  minutes  after  the  administration, 
the  liver: blood  ratio  for  thyroxine-I‘®^  was  approximately  8:1  and  for 
insulin-P®‘  about  4:1.  These  ratios  are  low  since  the  liver,  free  of  a  low 
activity  blood  contaminant,  would,  per  gram,  have  more  isotope.  Concen¬ 
tration,  necessitating  cellular  integrity,  appears  to  involve  cell  wall  pene¬ 
tration,  entry  into  the  cytoplasm  and  fixation  to  the  nucleus  and  the  dif¬ 
ferent  C3doplasmic  fractions. 
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Upon  entry  into  the  cytoplasm  the  immediate  distribution  and  fixation 
of  the  hormone  is  different  from  that  occurring  after  a  short  time  interval. 
It  would  appear  that  fixation  is  a  complex  progressive  phenomenon  ulti¬ 
mately  resulting  in  the  establishment  of  a  stable  set  of  relationships.  This 
stable  state  appears  within  30  to  60  minutes  after  hormone  administra¬ 
tion. 

The  above  description  is  applicable  to  both  insulin-r®‘  and  thyroxine- 
P’h  The  latter  case,  however,  may  be  viewed  with  a  good  deal  more 
certainty  in  view  of  its  distinct  contrast  to  the  insulin  results  and  because 
of  the  nature  of  the  perfusion  and  binding  studies.  Such  studies  show  dis¬ 
tinctive  time  and  locus  characteristics  and  strongly  support  the  argument 
of  the  preceding  section. 

Viewed  in  its  entirety  these  data  indicate  a  general  description  of 
the  role  of  the  liver  in  the  metabolism  of  certain  hormones  and  show 
that  the  details  of  this  description  are  individually  specified  by  the  hor¬ 
mone  under  consideration.  An  in  vitro  metabolic  action  of  thyroxine  has 
been  demonstrated  for  nuclei  and  mitochondria  with  respect  to  glutamate 
oxidation  (Feldott  and  Lardy,  1951)  and  for  mitochondrial  oxidative 
phosphorylation  (Martins  and  Hess,  1951).  Stadie  and  co-workers  (1949) 
have  shown  that  the  first  step  in  the  insulin  stimulation  of  glucose  utiliza¬ 
tion  by  rat  diaphragm  is  the  firm  and  concentrative  binding  of  the  hor¬ 
mone.  Whether  the  description  offered  in  the  present  report  is  concerned 
^^^th  the  mode  of  action  of  these  hormones  or  the  manner  in  which  they 
are  metabolized  by  the  liver  cannot  be  stated  at  the  present.  It  would  seem, 
however,  that  this  question  is  pointless,  in  reference  to  the  level  of  meta¬ 
bolic  organization  considered  here.  Indeed,  this  problem  revolves  about  the 
question  of  the  identity  of  the  phenomena  of  hormone  action  and  hormone 
breakdown. 

Regardless  of  the  above  points,  however,  these  data  do  elucidate  the 
fate  of  certain  hormones  at  the  cellular  level.  The  reports  of  Lipner  et  al. 
(1952a,  1952b)  deal  with  some  of  the  questions  under  present  study. 
Comparisons  cannot  be  made  since  the  conditions  of  the  experiment, 
physiological  state  of  the  animals,  treatment  of  the  liver  and  hormone 
dosage  were  widely  different  from  those  employed  here.  However,  these 
workers  did  show  that  thyroxine-I‘®^  distribution  in  the  in  vitro  experiment 
was  no  different  from  the  in  vivo  experiment.  In  the  face  of  this,  their 
argument  that  thyroxine  may,  and  does,  penetrate  the  cell  is  not  under¬ 
standable  in  terms  of  their  own  data.  Similar  experiments  presented  here 
(Table  1)  are  totally  different  and  are  in  harmony  with  the  conclusion 
that  thyroxine  penetrates  the  intracellular  milieu  and  that  this  process  is 
an  active  one. 
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Levine  and  co-workers  (1950)  have  shown  that  the  volume  of  distribu¬ 
tion  of  galactose  corresponds  to  the  vascular  and  extracellular  fluids  and 
that  after  insulin  administration  this  volume  expands  corresponding  to 
that  for  the  total  body  water.  On  the  basis  of  this  finding  they  suggest 
that  the  action  of  insulin  is  on  the  control  of  cell  membrane  permeability. 
This  hypothesis  has  found  support  in  the  investigations  of  Wick  et  al. 
(1951).  The  data  presented  in  the  present  report  show  that  within  5  min¬ 
utes  after  administration  at  least  66%  of  the  insulin  in  the  liver  is  intra¬ 
cellular  and  bound  to  cytostructural  elements;  within  1  hour  this  value 
only  falls  to  49%.  Furthermore,  these  data  are  obtained  despite  an  11- 
fold  dosage  range.  In  view  of  this,  it  would  seem  unreasonable  to  consider 
the  cell  wall  as  the  sole  site  of  insulin  action.  What  the  intracellular  role 
is  cannot  be  considered  at  present  since  there  is  no  information  concerning 
the  metabolic  effects  of  insulin  in  terms  of  the  various  subcellular  compo¬ 
nents. 

Two  points  of  methodological  importance  arise  here.  Firstly,  the  time 
interval  observed  was  60  to  120  minutes.  This  limitation  arose  from  the 
following  considerations;  1)  The  present  investigation  was  concerned  with 
questions  about  the  immediate  fate  of  the  labeled  factors,  whether  they 
penetrated  the  cytoplasm  and,  if  so,  became  fixed  to  the  various  cyto¬ 
structural  elements  in  a  definitive  manner.  The  answers  to  these  questions 
would  have  been  obscured  had  longer  term  studies  been  executed  since  the 
labeled  products  of  hormone  catabolism  would  have  become  increasingly 
predominant.  In  view  of  this,  the  most  definitive  answers  to  the  above 
questions  are  obtained  with  the  5  minute  determinations.  2)  Disregarding 
the  previous  argument,  a  short  time  interval  was  necessary  for  technical 
reasons.  The  continuous  catabolism  of  the  labeled  hormone  and  the  dilu¬ 
tion  by  endogenous  hormone  results  in  radioassay  values  of  questionable 
significance.  This  problem  might  be  avoided  if  a  more  highly  labeled 
preparation  were  available.  Unfortunately,  this  is  not  the  case. 

Secondly,  the  question  of  dosage  effect  is  of  some  importance.  The  data 
for  Table  1  was  compiled  from  pooled  values  of  experiments  involving 
doses  ranging  from  0.158  units  of  insulin  to  1.76  units/200  gram  rat,  a 
range  greater  than  11  fold.  Inspection  of  the  variation  of  the  resultant 
data  (standard  error)  shows  no  such  range;  furthermore,  analysis  of  the 
raw  values  showed  no  significant  variations.  The  data  for  the  insulin  time 
studies  was  obtained  wdth  doses  of  0.245  units/200  gram  rat.  As  for  the 
thyroxine  studies,  with  the  exception  of  the  30  minute  determination  for 
the  time  curves,  all  experiments  employed  only  0.09  /ngm./200  gram  rat. 
Consequently,  it  is  reasonable  to  assume  that  hormone  dosage  was  of  no 
consideration  with  respect  to  the  type  of  determination  presented  in  this 
paper. 
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SUMMARY 

Using  as  a  label,  it  was  shown  that  the  intravenous  administration  of 
either  thyroxine  or  insulin  to  the  rat  is  followed  by  concentration  of  these 
hormones  in  the  liver.  This  concentration  process  involves  passage  through 
the  cell  wall  and  fixation  to  the  various  cytoplasmic  structures  and  to  the 
nucleus.  The  distribution  of  thyroxine-P®^  among  the  cytostructural  ele¬ 
ments  is  different  from  that  for  insulin-P®‘  and  such  differences  are  main¬ 
tained  with  respect  to  the  time  studies. 

Insulin,  localized  in  the  rat  liver,  appears  to  be  completely  resistant  to 
removal  by  perfusion  whereas  this  technique  removes  a  relatively  large 
quantity  of  the  localized  thyroxine. 

The  nature  of  the  binding  of  thyroxine  intracellularly  changes  with 
respect  to  time  and  is  a  characteristic  of  the  cytostructural  element  under 
consideration. 
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SENSITIVITY  TO  INSULIN  DURING  ADRENOCORTICAL 
RESPONSE  TO  COLD  STRESS  IN  RATS' 


TAG  E.  MANSOUR2  and  WILLIAM  F.  HEWITT,  Jr.=> 

Department  of  Physiology,  Howard  University  School  of  Medicine,  Washington,  D.  C. 

IN  1946  Selye  described  cold  as  an  alarming  stimulus  capable  of  pro¬ 
ducing  all  of  the  systemic  effects  characterizing  the  general  adaptation 
syndrome.  He  had  reported  changes  in  carbohydrate  metabolism  in  rats 
exposed  to  cold :  a  marked  hyperglycemia  immediately  following  initial  ex¬ 
posure,  hypoglycemia  on  the  second  day  of  cold,  and  hyperglycemia  again 
beginning  on  the  third  daj'  and  lasting  two  weeks  (stage  of  resistance). 

Many  alarming  stimuli  including  cold  cause  increased  adrenocortical  ac¬ 
tivity  characterized  by  enlargement  of  the  gland  and  reduction  of  its  con¬ 
tent  in  ascorbic  acid  and  cholesterol  (Selye,  1937;  Long,  1947;  and  Sayers 
and  Sayers,  1948).  Ma.sson  (1941)  found  that  the  hypoglycemia-producing 
effect  of  in.sulin  (that  is,  insulin  sensitivity)  is  increased  considerably  in  the 
stage  of  resistance  during  chronic  exposure  to  a  cold  environment.  More  re¬ 
cently  Cheng  and  Sayers  (1949)  produced  hypersensitivity  to  insulin  by 
administering  desoxycorticosterone  acetate  to  adrenal-demedullated  rats. 
In  view  of  these  reports,  it  appeared  to  be  of  interest  to  measure  simul¬ 
taneous  changes  in  adrenocortical  activity  and  sensitivity  to  insulin  during 
chronic  stress,  since  information  on  these  points  was  lacking. 

METHODS 

Adult  (150  to  250  gm.)  rats  from  a  single  colony  were  used.  Sugar  was  estimated  by 
tlie  orcinol  reaction  (Vasseur,  1948)  on  0.5  cc.  samples  of  tail  blood.  Bleeding  was  im¬ 
proved  by  infiltration  of  the  base  of  the  tail  with  1  %  solution  of  ‘Intracaine’  (Squibb) 
and  bj'  immersion  in  water  at  about  4.5°  C.  Rats  were  fasted  for  24  hours,  a  blood  sample 
was  taken,  1{  u  of  insulin  per  kg.  of  body  weight  were  injected  subcutaneously,  and  a 
second  blood  sample  was  taken  30  minutes  later.  Absolute  and  per  cent  reduction  of 
blood  sugar  was  used  as  an  index  of  sensitivity  to  insulin. 

Cold  stress  consisted  of  placing  rats,  two  to  a  cage,  in  a  room  kept  at  about  5°  C.  for 
1  day,  6  days  or  9  days  continuously.  After  24  hours’  fast  at  the  end  of  the  stress  period, 
the  animals  were  removed  from  the  cold  room  and  killed  by  a  blow  on  the  head  after 
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insulin  sensitivity  had  been  determined  again.  The  adrenal  glands  were  removed,  dis¬ 
sected  free  of  fat  and  connective  tissue,  and  weighed  to  the  nearest  0.1  mg.  on  a  Roller- 
Smith  microtorsion  balance.  Ascorbic  acid  was  estimated  in  the  right  adrenal  by  the 
method  of  Roe  and  Kuether  (1943)  as  modified  by  Sayers,  Sayers  and  Woodbury  (1948). 
Cholesterol  was  measured  in  the  left  adrenal  by  the  method  of  Bloor,  Pelkan  and  Allen 
(1922)  after  grinding  with  sand  and  extraction  with  3:1  alcohol-ether  solution. 

Insulin  sensitivities  for  all  stressed  rats  were  measured  three  days  before, 
and  within  three  hours  after,  exposure  to  cold.  Insulin  sensitivity  was  de¬ 
termined  in  several  additional  control  animals  which  were  not  stressed,  and 
after  9  days’  cold  in  two  rats  whose  pre-stress  sensitivity  had  not  been 
measured.  These  two  animals  replaced  rats  in  which  it  was  impossible  to 
obtain  post-stress  blood  samples. 


RESULTS 

Blood  sugar  values  are  summarized  in  Table  1  and  Figure  1.  Rats  ex- 
po.sed  to  cold  for  1  day  showed  no  significant  change  in  insulin  sensitivity. 
However,  there  was  a  slight  rise  of  the  blood  sugar.  Those  exposed  for  6  or 
9  days,  on  the  other  hand,  exhibited  statistically  significant  hyperglycemia 


Fig.  I.  Graphic  representation  of  the  effect  of  exposure  to  cold  stress  for  a  certain 
time  (abscissa)  on:  Left:  Blood  sugar  and  sensitivity  to  insulin;  Right:  Adrenal  body 
weight  ratio  and  cholesterol  and  ascorbic  acid  content  of  the  adrenal  glands. 
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as  noted  by  Selye  (1938),  and  increased  sensitivity  to  insulin.  The  apparent 
increase  in  insulin  sensitivity  from  6  to  9  days  is  not  statistically  signifi¬ 
cant. 

Adrenal  ascorbic  acid,  cholesterol,  and  relative  weight  values  are  sum¬ 
marized  in  Table  2  and  Figure  1.  Pre-stress  ascorbic  acid  and  cholesterol 
observations  agree  with  those  of  Shepherd  and  others  (1952).  Cold  stress 
for  24  hours  provoked  a  marked  and  significant  fall  in  adrenal  ascorbic 
acid  and  cholesterol,  without  effect  upon  the  gland’s  relative  weight,  and 
these  decreases  were  maintained  at  6  days  of  cold.  Relative  adrenal  weight 
was  elevated  significantly  at  6  and  at  9  days  of  stress.  By  9  days,  the  differ¬ 
ence  between  stress  and  pre-stress  ascorbic  acid  values  had  disappeared, 
the  apparent  difference  being  outside  statistical  confidence  limits,  but  ad¬ 
renal  cholesterol  was  still  depressed  below  control  measurements. 

It  should  be  noted  here  that  although  the  adreno-cortical  activity  was 
high  at  the  one  day  period  the  insulin  sensitivity  was  not  significantly 
changed.  At  the  9th  day,  furthermore,  insulin  sensitivity  and  the  blood 
sugar  level  were  still  high  while  adreno-cortical  activity  w^as  at  or  ap¬ 
proaching  normal  levels. 


DISCUSSION 

The  results  of  this  study  clearly  indicate  that  the  correlation  between 
changes  in  blood  sugar  and  insulin  sensitivity  on  the  one  hand,  and  cortico- 
adrenal  activity  on  the  other  hand,  was  not  constant.  For  example,  on  the 
first  day  the  cortical  activity  was  markedly  high.  This  was  indicated  by 
the  marked  depletion  of  both  cholesterol  and  ascorbic  acid  content  of  the 
gland  and  an  increase  in  the  adrenal ‘.body  w  eight  ratio.  On  the  other  hand, 
insulin  sensitivity  and  blood  .sugar  were  not  changed  during  that  period  of 
exposure.  It  is  reasonable  to  conclude  that  the  usual  increase  in  the  cortico- 
adrenal  activity  was  demonstrated  as  a  result  of  this  non-specific  type  of 
stre.ss  which  is  followed  by  no  significant  change  in  the  carbohydrate  me¬ 
tabolism.  However,  the  corticoadrenal  activity  after  6  days  of  exposure  was 
still  very  high  and  was  accompanied  by  marked  hyperglycemia  and  in¬ 
creased  sensitivity  to  insulin.  On  the  the  9th  day  when  the  animals  reached 
a  high  degree  of  resistance  to  this  non-specific  stress,  the  blood  sugar  and 
insulin  sensitivity  were  still  at  high  levels. 

The  role  of  the  anterior  pituitary  gland  as  the  only  part  of  the  hypophy¬ 
sis  responsible  for  maintenance  for  the  normal  resistance  to  in.sulin  was  in¬ 
dicated  by  Houssay  and  Patrick  (1929),  Pencharz  et  al.  (1936),  and  Hou.s- 
say  (1942).  Extirpation  of  the  anterior  lobe  of  the  hypophysis  w  as  shown  to 
increase  the  sensitivity  to  insulin.  Recently  the  inclination  has  been  to¬ 
ward  the  hypothesis  that  this  function  of  the  anterior  pituitary  is  mainly 
due  to  an  adrenocorticotrophic  function.  Adrenalectomized  animals  main- 
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tained  by  the  administration  of  sodium  salts  are  exceedingly  liable  to  d». 
v'elop  marked  hy  '»’vcemia  or  hypersensitivity  to  insulin  ^"^nosure  to 
cold  (Long,  1942).  ivecently,  however,  Cheng  and  Sayers  (19 uem- 
onstrated  that  the  administration  of  DCA,  by  suppressing  pituitary 
ACTH  activity,  produces  a  deficiency  of  glucocorticoids,  with  hypersensi¬ 
tivity  to  insulin.  In  our  results,  however,  the  increase  in  sensitivity  to  in¬ 
sulin  on  the  6th  day,  accompanied  hy  apparent  corticoadrenal  hyperactiv¬ 
ity,  strongly  suggests  an  increased  inhibitory  effect  on  the  pituitary  by  the 
desoxy corticosterone-like  substances.  On  the  9th  day,  further  evidence  is 
added  to  this  hypothesis  by  the  persistence  of  hypersensitivity  to  insulin 
while  corticoadrenal  activity  approaches  normal  levels.  The  hypergly¬ 
cemia  observed  on  the  6th  and  9th  days  of  exposure  to  cold  may  be  pro- 
d'  4  by  adrenomedullary  and  other  mechanisms  not  necessarily  involv¬ 
ing  increased  glucocorticoid  output. 

Thus  both  hj'perglycemia  and  hypersensitivity  to  in.sulin  could  be  main¬ 
tained  while  indices  of  adrenocortical  activity  leveled  off  or  approached 
normal  levels.  Furthermore,  during  adaptation  to  prolonged  stress,  the  ad- 
renocortico-chemical  indices  show  recovery,  while  relative  adrenal  weight 
and  glycemic  indices  still  indicate  stress. 

SUMMARY 

Adult  rats  were  exposed  to  cold  stress  for  one  day,  six  days  or  nine  days 
continuously.  Blood  sugar  change  due  to  insulin  was  measured  before  and 
after  such  exposure.  The  response  of  the  adrenal  glands  of  normal  and 
stressed  rats  was  determined  by  measurement  of  adrenal  cholesterol,  as¬ 
corbic  acid  and  the  ratio  of  total  adrenal  weight  to  body  weight.  Cold  stress 
for  one  day,  although  it  produced  no  significant  change  in  blood  sugar  or 
insulin  sensitivity,  did  cause  marked  depletion  of  adrenal  cholesterol  and 
ascorbic  acid  content.  However,  in  the  group  exposed  for  6  days  there  was 
hyperglycemia  with  hypersensitivity  to  insulin  while  the  adrenal  showed 
signs  of  higher  activity.  The  rats  exposed  for  nine  days  still  had  hyper¬ 
glycemia  and  hypersensitivity  to  insulin  although  the  adrenal  activity  re¬ 
turned  near  to  normal  levels.  The  results  suggested  that  there  is  no  direct 
correlation  between  corticoadrenal  activity  and  sensitivity  to  insulin. 
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ENDOCRINE  glands  transplanted  into  closely  related  individuals  may 
survive  indefinitely  and  exert  hormonal  effects  on  various  target  or¬ 
gans  (Loeb,  1945;  Huseby  and  Bittner,  1948).  In  mice,  ovarian  and  hy¬ 
pophyseal  grafts  stimulated  mammary  carcinogenesis  and  leukemogenesis 
(Loeb  and  Kirtz,  1939;  Silberberg  and  Silberberg,  1950;  Huseby  and  Bitt¬ 
ner,  1951),  and  recently  thyrotrophic  activity  of  transplanted  hypophyses 
has  been  demonstrated  (Greer  el  al.,  1953).  The  method  of  transplantation 
seems  to  offer  certain  advantages  ov'er  the  injection  of  hormones:  During 
long  range  experiments,  there  is  apparently  no  loss  of  response  as  is  seen 
with  the  administration  of  exogenous  hormones,  particularly  of  those  of 
protein  nature.  Moreover,  functional  grafts  may  provide  more  uniform  hor¬ 
monal  blood  levels  than  obtainable  with  injected  hormones. 

In  extension  of  previous  investigations  on  skeletal  changes  produced  by 
hormones  (1942,  1952),  the  effects  of  homeotransplants  of  anterior  hypoph¬ 
yses,  ovaries  and  adrenals  on  degenerative  joint  disease  of  mice  will  pres- 
entl}'  be  described. 

MATERIAL  AND  METHODS 

Male  mice  of  the  closely  inbred  strain  A  raised  in  our  laboratory  and  kept  on  a  stock 
diet  of  Purina  Laboratory  Chow  and  water  ad  libitum  were  used.  Two  sets  of  experi¬ 
ments  were  carried  out:  In  one  group  of  mice,  orchiectomy  was  performed  at  the  age  of 
about  4  weeks,  and  in  another  group  at  the  age  of  1  to  3  days.  For  the  study  of  mammary 
and  adrenal  growth,  animals  were  sacrificed  at  various  intervals.  Since  spontaneous  de¬ 
generative  joint  disease  does  not  occur  in  young  mice,  only  those  animals  were  includeil 
in  the  present  paper  which  were,  at  the  time  of  death,  older  than  one  year. 

Received  for  publication  May  19,  1953. 

*  The  investigation  was  supported  by  research  grant  PHS  A22(C2)  from  the  Na¬ 
tional  Institute  of  Arthritis  and  Metabolic  Di.seases  of  the  National  Institutes  of  Health, 
Public  Health  Service,  by  a  grant  from  the  American  Cancer  Society  on  the  recommenda¬ 
tion  of  the  Committee  on  Growth,  National  Research  Council,  and  the  Brant  Fund  of 
the  American  Medical  Association. 
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The  bones  of  the  following  animals  were  available:  First  Group:  22  untreated  mice 
with  intact  testicles.  Second  Group:  Mice  orchiectomized  at  the  age  of  four  w’eeks: 
(a)  15  castrate  controls;  (b)  13  castrates  that  had  received  four  anterior  hypophyseal 
grafts;  (c)  16  castrates  that  had  received  four  ovarian  grafts;  (d)  22  castrates  that  had 
received  two  ovarian  and  four  anterior  hypophyseal  grafts.  Third  Group:  Mice  orchiec¬ 
tomized  soon  after  birth:  (a)  31  castrate  controls;  (b)  22  castrates  that  had  received  four 
adrenal  grafts;  (c)  19  castrates  that  had  received  four  adrenal  and  four  anterior  hy¬ 
pophyseal  grafts. 

In  all  animals,  the  endocrines  were  transplanted  at  the  age  of  about  one  month.  The 
grafts  were  made  subcutaneously  and  taken  from  closely  related  donors  1  to  3  months  of 
age.  The  technique  of  transplantation  and  the  sex  distribution  of  the  donor  animals 
have  been  reported  previously;  no  sex  differences  in  the  effectiveness  of  the  grafted 
hypophyses  or  adrenals  could  be  established  (1953). 

At  necropsy,  care  was  taken  to  recover  the  transplants,  and  the  removed  tissues 
were  identified  microscopically.  A  number  of  grafts  were  fixed  in  Regaud’s  solution  for 
cytologic  studies,  the  results  of  which  will  be  reported  at  a  later  date.  The  lower  end  of 
the  femur  and  the  upper  end  of  the  tibia  including  the  kneejoint  were  removed  as  a 
whole,  and  fixed  and  decalcified  in  Bouin’s  solution.  The  material  was  embedded  in 
])araffin,  and  semiserial  sections  stained  with  hematoxylin  and  eosin  were  prepared  for 
microscopic  studies. 

OBSERVATIONS 

1.  Fate  of  transplants 

The  various  grafts  “took”  readily.  The  changes  occurring  therein  have 
been  fully  described  elsewhere  (1953).  Presently  it  may  suffice  to  state  that 
in  all  mice  sacrificed  up  to  4  months  subsequent  to  transplantation  sur¬ 
viving  grafts  were  found.  It  may,  therefore,  be  assumed  that  grafts  in  all 

Table  1.  Showing  the  incidence  of  degenerative  joint  disease 


Experiment 

Total 
No.  of 
mice 

Mean 
age  of 
all  mire 
(months) 

Mice  showing  joint  disease 

No.  of  mice 
showing  joint 
disease  and 
surviving 
grafts 

No. 

%of 

total 

Mean 

age 

(months) 

I.  Untreated  controls 

22 

19.3 

9 

40.9 

18.3 

- 

II.*  a.  Castrates 

15 

19.2 

5 

33.3 

20.4 

_ 

b.  Castrates  bearing  hypophyseal  grafts 

13 

18.0 

8 

61.5 

18.1 

5 

c.  Castrates  bearing  ovarian  grafts 

16 

17.9 

3 

18.8 

20.3 

2 

d.  Castrates  bearing  hypophyseal  and 

22 

18.2 

4 

18.2 

20.2 

3» 

Ill.t  a.  Castrates  31  18.8  7  22.6  18.2  — 

b.  Castrates  bearing  adrenal  grafts  22  17.8  2  9.1  20.. 5  1 

c.  Castrates  bearing  adrenal  and  hypo-  19  18.1  8  42.1  19.0  4h 

physeal  grafts 


*  Orchiectomised  at  the  age  of  about  4  weeks, 
t  Orchiectomized  at  the  age  of  1  to  3  days. 

■  Ovaries  found  in  3  mice,  hypophyses  in  2  of  these  3. 
^  Adrenal  and  hypophyses  found  in  all  4  of  these. 


cases  were  active  for  some  time,  even  if  they  could  not  be  recovered  in  old 
mice.  Animals  younger  than  12  months  do  not  appear  in  the  table  because 
joint  disease  was  not  seen  before  that  age. 

In  half  or  more  of  the  recipients  which  later  developed  degenerative 
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joint  disease  the  grafts  had  remained  alive  until  the  end  of  the  experiment. 
Representative  surviving  grafts  are  demonstrated  in  Figures  1-5. 

2.  Findings  in  the  kneejoints 

The  usual  architecture  (Fig.  6)  of  and  the  age  changes  taking  place  in 
the  articular  tissues  have  been  described  previously  (1952).  The  incidence 
of  spontaneous  osteoarthritis  for  various  stains  of  mice  and  its  increase  up 
to  the  age  of  2  years  have  also  been  reported  (1952).  Simple  age  changes 
were  not  considered  in  the  present  investigation.  Typical  articular  lesions 
classifiable  as  hypertrophic  or  ulcerative  types  of  degenerative  joint  dis¬ 
ease  are  shown  in  figures  7  and  8.  These  changes  may  be  considered  as  an 
analogue  of  human  osteoarthritis.  The  incidence  of  the  joint  disease  in  an¬ 
imals  of  the  various  experimental  groups  is  given  in  the  table. 

I.  In  untreated  control  mice,  a  40.9%  incidence  of  osteoarthritis  was  ob¬ 
served  at  a  mean  age  of  18.3  months. 

II.  In  mice  orchiectomized  at  the  age  of  4  weeks,  the  incidence  of  osteo¬ 
arthritis  was  33.3%  at  a  mean  age  of  20.4  months.  This  decrease,  although 
numerically  not  impressive,  becomes  more  significant  in  view  of  the  fact 
that  the  mean  age  of  these  castrates  was  2.1  months  higher  than  that  of  the 
controls.  The  difference  in  mean  age  represents  a  critical  period  in  the  de¬ 
velopment  of  the  articular  lesions  inasmuch  as  there  is  a  marked  increase 
in  the  incidence  of  the  joint  disease  during  this  time.  Of  castrates  bearing 
anterior  hypophyseal  grafts,  61.5%  had  osteoarthritis.  Not  only  was  the 
incidence  of  the  disease  higher,  but  also  the  mean  age  of  these  mice  (18.1 
months)  was  lower  than  that  of  the  corresponding  non-grafted  castrates 
(33.3%  at  20.4  months).  The  effect  of  the  anterior  hypophyseal  grafts 
manifested  itself  not  only  in  an  increased  incidence  but  also  in  an  acceler¬ 
ated  course  of  the  joint  disease.  Conversely,  the  presence  of  ovarian  trans¬ 
plants  inhibited  the  development  of  the  osteoarthritic  changes:  Of  cas¬ 
trates  bearing  ovarian  grafts  (mean  age  20.3  months)  only  18.8%  developed 
joint  disease.  In  castrates  of  similar  mean  age  (20.2  months),  bearing 


Explanation  of  Figures  1-5 

Fig.  1.  Anterior  hypophyseal  graft  21  months  after  transplantation.  X170. 

Fig.  2.  Part  of  the  graft  shown  in  Fig.  1,  showing  well  preserved  cells  of  chromophobe 
type.  X345. 

Fig.  3.  Adrenal  graft  10  months  after  transplantation.  The  mouse  had  received 
anterior  hypophyseal  grafts.  There  are  areas  of  preserved  cortical  tissue  with  hyper¬ 
plastic  nodules.  XIOO. 

Fig.  4.  Hyperplastic  cortical  nodules  present  in  the  adrenal  cortex  of  the  graft  shown 
in  Fig.  3.  X300. 

Fig.  5.  Ovarian  graft  14  months  after  transplantation.  Mature  follicles  and  ova  are 
seen.  X93. 
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ovarian  and  anterior  hypophyseal  transplants,  the  observed  incidence  of 
articular  lesions  (18.2%)  equalled  that  seen  in  mice  bearing  only  ovarian 
grafts  (18.8%).  The  hypophyseal  transplants  in  animals  of  this  group  thus 
appeared  to  be  ineffective  as  far  as  the  articular  cartilage  is  concerned. 

III.  Of  mice  orchiectomized  soon  after  birth  22.6%  had  osteoarthritis  at 
a  mean  age  of  18.2  months.  The  incidence  of  the  disease  had  thus  dropped 
to  about  one  half  of  that  .seen  in  animals  of  corre.sponding  age  (18.3 
months)  with  intact  testicles  (40.9%).  In  castrates  bearing  adrenal  grafts, 
the  incidence  of  the  articular  lesions  was  further  decreased  to  9.1%.  Since 
the  mean  age  of  these  castrates  was  20.5  months,  that  is  2.3  months  higher 
than  that  of  the  untreated  castrates  of  this  group,  the  inhibiting  effect  of 
the  adrenal  secretions  on  the  development  of  osteoarthritis  was  even  more 
marked  than  would  be  indicated  by  the  decreased  incidence  alone.  By  con¬ 
trast,  the  stimulating  effect  of  anterior  hypophyseal  grafts  on  the  de¬ 
velopment  of  the  joint  disea.se  was  again  illustrated  by  the  findings  in  cas¬ 
trates  liearing  adrenal  and  anterior  hypophyseal  transplants:  At  a  mean 
age  of  19.0  months,  these  mice  showed  an  almost  fivefold  increase  in  the 
incidence  of  degenerative  joint  disease  (42.1%)  over  that  seen  in  castrates 
l)earing  adrenal  grafts  alone  (9.1%). 

DISCUSSION 

Besides  the  inherited  rate  of  skeletal  ageing  and  a  number  of  exogenous 
factors  (Bennett  et  al.,  1942),  the  pattern  of  endocrine  secretions  plays  an 
important  part  in  the  evolution  of  degenerative  joint  di.sea.se  (1952).  The 
pre.sent  results  reemphasize  the  role  of  hormones  in  the  pathogenesis  of 
this  disease. 

Growth  and  degeneration  of  the  articular  cartilage  are  essential  features 
of  osteoarthritis,  and  hormones  that  modify  these  proce.sses  may  alter  the 
progress  of  the  disease. 

In  mice  orchiectomized  before  the  on.set  of  sexual  maturity,  skeletal 
grow  th  and  ageing  are  delayed,  presumably  owing  to  the  lack  of  testoster¬ 
one  (1952).  The  retardation  of  these  processes  in  the  articular  cartilage  may 
then  account  for  the  decreased  incidence  of  osteoarthritis  ob.served  in  cas¬ 
trate  mice.  Whether  or  not  castration  performed  after  ce.ssation  of  skeletal 
growth  has  the  same  effect  as  early  castration  is  being  investigated. 

Anterior  hypophyseal  grafts  intensified  growth  of  the  articular  cartilage 
in  castrates  as  they  were  shown  to  do  in  noncastrate  animals  (1942,  1952). 

VWN.\  V 

/77//  “ 

Explanation  of  Figurks  6-7 

Fig.  6.  -Unchanged  articular  surface.  X200. 

Fig.  7.  Osteoarthritic  ulcers  on  the  opposing  surfaces  of  tibia  and  femur.  Eburnation 
of  the  floor  of  the  ulcers  is  seen.  X120. 
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Fig.  8.  Hypertrophic  changes  in  the  articular  cartilage  with 
cartilagination  of  the  capsule.  X120. 

This  accentuation  of  growth  wa.s  associated  with  or  followed  by  regressive 


changes  of  cells  and  ground  substance  leading  to  severe  degenerative  joint 
disease.  Such  lesions  have  also  been  produced  in  mice  of  other  strains  and 


in  guinea  pigs  by  grafting  anterior  hypophyses  or  by  injecting  crude  an¬ 
terior  hypophyseal  extracts  or  Antuitrin  G  (1942,  1952);  similar’ joint  le¬ 
sions  have  also  been  observed  in  rats  receiving  anterior  hypophyseal  ex¬ 
tracts  (Lucke  and  Hiickel,  1933)  and  after  treatment  with  anterior  hy¬ 
pophyseal  growth  hormone  (Reinhardt  and  Li,  1953).  The  severe  arthro-  I 

pathic  lesions  seen  in  human  acromegaly  (Erdheim,  1931 ;  Waine  et  al.,  1943)  i 

constitute  extreme  examples  of  the  articular  effects  of  hyperpituitarism. 

Adrenal  grafts  decreased  the  incidence  of  osteoarthritis.  This  occurrence 
may  be  attributable  to  the  production  by  the  transplants  of  corticosteroids  j 

which  are  known  to  suppress  somatic  growth  (Wells  and  Kendall,  1940; 

Baker,  1949;  Ingle,  1950;  Hench  et  al.,  1950;  Follis,  1951),  and  therefore 
presumably  also  growth  of  the  articular  cartilage.  The  corticosteroids  may 
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directly  inhibit  cell  growth  or  they  may  primarily  act  on  the  ground  sub¬ 
stance  and  produce  changes  therein  which  in  turn  oppose  growth.  These 
effects  of  the  adrenal  grafts  may  be  overcome  by  anterior  hypophyseal 
transplants.  In  the  presence  of  both  types  of  grafts,  the  incidence  of  the 
joint  disease  was  again  increased.  Apparently,  the  growth-promoting  hor¬ 
mone  given  off  by  the  transplanted  hypophyses  outbalanced  not  only  ad¬ 
renal  activity  but  also  any  possible  action  of  ACTH  which  might  also  have 
been  produced  by  the  hypophyseal  grafts  and  which  would  be  expected  to 
exert  a  growth-inhibiting  influence  on  the  cartilage  (Becks  et  al.,  1944; 
Ducommun,  1950). 

Ovarian  grafts  decreased  the  incidence  of  osteoarthritis  as  did  the  ad¬ 
renal  transplants.  This  result  may  be  correlated  to  the  activity  of  estrogen 
produced  by  the  grafted  ovaries.  Estrogen  is  known  to  inhibit  growth  and 
development  of  the  cartilage  (1952),  and  this  hormone  would  therefore  coun¬ 
teract  the  development  of  osteoarthritis. 

In  the  presence  of  ovarian  grafts,  hypophyseal  transplants  failed  to  exert 
their  typical  growth-promoting  effect  on  the  articular  cartilage,  and  the 
incidence  of  degenerative  joint  disease  was  not  increased  over  that  seen  in 
animals  bearing  ovarian  grafts  only.  This  occurrence  may  be  explained,  as 
follows:  Under  the  influence  of  the  hypophyseal  grafts,  the  transplanted 
ovaries  give  off  excessive  amounts  of  estrogen  which  prevent  the  growth- 
promoting  hormone  of  the  grafted  hypophyses  to  assert  itself.  That  a  state 
of  hyperestrinization  existed  in  the  mice  of  this  group  was  indicated  by  the 
intensification  of  mammary  growth  including  the  production  of  cancer,  the 
increased  incidence  of  leukemia,  and  the  typical  condensation  in  the  shafts 
of  the  long  bones. 

SUMMARY 

In  male  mice  of  strain  A,  orchiectomy  decreased  the  incidence  of  degen¬ 
erative  joint  disease.  Homeotransplants  of  adrenals  or  ovaries  further  in¬ 
hibited  the  development  of  the  articular  lesions.  Anterior  hypophyseal 
transplants  increased  the  incidence  and  accelerated  the  onset  of  the  joint 
disease.  The  effects  of  grafted  hypophyses  on  the  joints  were  counteracted 
by  transplanted  adrenals  or  ovaries,  the  ovaries  being  more  effective  in 
this  respect  than  the  adrenals. 
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A  THYROID  MODEL  DESCRIBING  KINETICS  OF 
EXCHANGE,  CONCENTRATING,  AND  ORGANIC 
BINDING  OF  IODIDE 

SEYMOUR  H.  WOLLMAN 

Laboratory  of  Biophysics,  National  Cancer  Institute,^  Bethesda  I4,  Maryland 

IN  MODELS  describing  the  kinetics  of  accumulation  of  radioiodine  by 
thyroid  tissue  it  has  been  assumed  that  the  equilibration  of  radioiodide 
between  blood  and  thyroid  tissue  is  instantaneous  (Myant,  Pochin  and 
Goldie,  1949;  Oddie,  1949;  Brownell,  1951;  Riggs,  1952;  Wollman,  1953). 
However,  recent  measurements  show  that  the  equilibration  is  not  instan¬ 
taneous  in  the  mouse  (Wollman  and  Scow,  1953).  In  addition,  the  following 
simple  calculation  shows  that  the  equilibration  must  be  expected  to  take 
an  appreciable  length  of  time  if  the  ratio  of  the  radioiodide  concentrations 
in  thyroid  gland  and  serum  (T/S  ratio)  is  large.  The  T;  S  ratio  has  been 
found  to  be  approximately  250  in  the  normal  mouse  (Wollman  and  Scow, 
1953).  This  implies  that  at  equilibrium  the  radioiodide  content  of  the  thy¬ 
roid  is  250  times  that  of  an  equal  volume  of  serum  or  (approximately) 
blood.®  If  one  assumes  that  the  radioiodide  concentration  in  the  blood  of 
the  mouse  is  held  constant  after  injection,  a  volume  of  blood  250  times  the 
thyroid  volume  must  flow  through  the  thyroid  in  order  to  establish  equi¬ 
librium  if  all  the  radioiodide  is  removed  from  the  perfusing  blood.  The 
time  required  for  this  would  be  25  minutes  if  one  assumes  a  rate  of  vol¬ 
ume  flow  of  10  volumes  of  blood  per  volume  of  thyroid  per  minute  (Riggs, 
1952). 

A  new  model  has  therefore  been  developed®  by  means  of  which  it  has 

Received  for  publication  May  30,  1953. 
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*  The  radioiodide  concentration  in  the  blood  is  probably  slightly  less  than  in  serum. 
Although  data  for  the  comparison  between  blood  and  serum  do  not  seem  to  be  available, 
comparisons  are  available  between  blood  and  plasma.  Riggs  (1952)  estimates  the  iodide 
concentration  in  blood  to  be  20  per  cent  less  than  in  plasma.  It  is  unfortunate  that  so 
many  data  on  blood  are  published  in  terms  of  the  composition  of  serum  or  plasma.  From 
the  theoretical  point  of  view  it  would  be  desirable  to  have  data  on  the  composition  of  the 
non-cellular  portion  of  circulating  blood  (which  may  be  different  from  that  of  plasma  as 
conventionally  prepared)  or  of  whole  blood  itself,  depending  upon  the  question  being 
considered. 

®  Kety  (1951)  has  written  a  stimulating  summary  of  the  analogous  problem  of  the 
exchange  of  inert  gases  between  blood  and  tissues. 
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l)een  possible  to  make  an  analysis  of  the  effects  of  the  time  interval  re¬ 
quired  for  equilibration  on  certain  aspects  of  thyroidal  iodine  metabolism. 
A  qualitative  comparison  has  been  made  between  predictions  of  the  theory 
and  some  experimental  data,  but  no  attempts  have  been  made  to  fit  ex¬ 
perimental  curves  or  to  compute  values  of  constants  mostly  .because  of  the 
absence  of  suitable  data. 


MODEL 

In  the  derivations  to  be  made  attention  is  focused  on  the  thyroid  gland 
and  its  blood  supply.  All  other  organs  of  the  animal  are  ignored  or  taken 
account  of  only  indirectly.  The  model  considers  transport  of  iodide  to  the 
thyroid,  exchange  of  iodide  between  the  blood  and  the  thyroid  gland,  and 
organic  binding  of  iodide.  Iodide  is  to  be  transported  to  the  thyroid  and  re¬ 
moved  from  it  only  by  the  blood.  Transport  by  lymph  is  neglected. 

The  animal  is  assumed  to  be  in  iodide  balance.  The  stable  iodide  con¬ 
centrations  in  its  thyroid  gland  and  arterial  blood  are  both  to  be  constant. 
In  addition,  the  stable  iodide  concentration  is  to  be  low  enough  so  that  the 
iodide  does  not  either  inhibit  organic  binding  or  depress  the  T  S  ratio.  The 
injected  radioiodide  is  to  be  carrier-free.  The  concentration  of  radioiodide 
in  the  blood  is  assumed  to  be  either  constant  or  to  decrease  exponentially 
with  time  after  injection.  The  latter  case  is  selected  to  take  care  of  a  single 
intravenous  injection  experiment;  removal  of  injected  radioiodide  from  the 
blood  by  all  the  tissues  is  corrected  for  by  the  choice  of  exponent. 

The  unit  of  functional  activity  of  the  thyroid  gland  is  assumed  to  be  the 
follicle.  All  follicles  are  assumed  to  be  arranged  in  parallel  (Major,  1909); 
blood  in  the  capillary  net  around  a  follicle  exchanges  with  only  one  follicle. 
All  follicles  are  assumed  equivalent  in  that  the  same  volume  of  blood  cir¬ 
culates  around  each  follicle  per  unit  time  per  unit  weight  of  tissue,  and  the 
follicles  are  to  have  the  same  ratio  of  tissue  iodide  concentration  to  blood 
iodide  concentration. 

Exchange  of  iodide  between  blood  and  thyroid  tissue  is  pict*ured  as  fol¬ 
lows  ;  Each  volume  element  of  blood  entering  the  thyroid  gland  breaks  up 
into  sub-units,  one  to  each  follicle.  The  follicles,  for  simplicity,  are  thought 
of  as  points.  From  each  volume  element  of  blood  a  fixed  number  of  iodide 
ions  or  a  constant  fraction  of  the  stable  iodide  in  the  blood  is  transferred  to 
thyroid  tissue ;  and  this  is  replaced  by  a  constant  but  equal  or  smaller  num¬ 
ber  of  iodide  ions  from  the  thyroid  tissue  depending  upon  whether  organic 
binding  is  blocked  or  permitted,  respectively.  The  fraction  transferred  is 
actually  determined  by  factors  analogous  to  those  in  the  phenomenon  of 
diffusion,  i.e.,  the  time  interval  required  for  blood  to  flow  through  the  cap¬ 
illary  net  around  the  follicle,  length  of  capillary,  surface  area  per  unit 
length  of  capillary,  and  permeability  characteristics  of  the  capillaries  and 
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parenchymal  cellss  (mechanism  of  the  transport  process),  but  such  details 
are  ignored  for  the  present.  The  point  follicle  is  a  good  approximation  for 
either  of  the  following  special  cases:  1)  The  stable  iodide  and  radioiodide 
concentrations  in  the  blood  do  not  change  very  much  as  the  blood  perfuses 
the  follicle.  2)  Once  iodide  is  transferred  to  the  thyroid  tissue,  equilibration 
of  iodide  in  the  iodide  space  of  the  follicle  is  instantaneous. 

The  thyroid  iodide  considered  in  this  analysis  is  iodide  which  is  freely 
exchangeable  with  blood  iodide;  it  is  the  only  iodide  which  can  become 
labeled  rapidly  and  which  can  play  an  important  part  in  radioiodide  up¬ 
take.  When  organic  binding  of  iodide  occurs  it  is  assumed  that  the  iodide 
being  bound  is  thyroid  iodide  with  specific  activity  (if  radioiodide  is  pres¬ 
ent)  characteristic  of  freely  exchangeable  thyroid  iodide  and  not  of  blood 
iodide.  Organic  binding  of  iodide  by  the  thyroid  is  assumed  to  be  a  first 
order  reaction  as  suggested  by  the  work  of  Stanley  (1949)  on  man. 

The  processes  of  iodide  concentrating  and  iodide  binding  are  assumed  to 
be  strictly  independent  of  each  other  (Wollman,  Scow,  and  Morris,  1953) 
except  in  so  far  as  they  involve  a  substance  common  to  both  processes. 
This  assumption  appears  justified  since  each  of  the  two  processes  can  be 
independently  inhibited  by  certain  goitrogens  (Pitt-Rivers,  1950)  and  since 
each  process  seems  to  occur  in  the  apparent  absence  of  the  other  in  certain 
thyroid  tissues  (Wollman,  Scow  and  Morris,  1953;  Wollman  and  Zwilling, 
1953).  When  binding  is  blocked  by  a  goitrogen,  it  is  assumed  that  the  sole 
direct  effect  of  the  goitrogen  is  to  prevent  organic  binding  of  iodide.'* 

SYMBOLS 

B  Blood  (Subscript). 

c  Rate  of  volume  flow  of  blood  through  thyroid  gland  in  ml/min. 

Ct  Blood  iodide  clearance  by  thyroid. 

F  Fraction  of  blood  iodide  transferred  to  thyroid  tissue  as  blood  perfuses  the 
thyroid. 

Fb  Fraction  of  the  amount  of  stable  blood  iodide  entering  thjToid  iodide  space 
which  becomes  organically  bound. 

Fe  Ratio  of  the  change  in  the  blood  iodide  concentration  to  the  arterial  iodide 
concentration  as  the  blood  perfuses  the  thyroid  =  Extraction  ratio. 

I  Iodide  concentration  in  the  tissue  indicated  by  the  subscript. 

1 6*  Initial  concentration  of  blood  radioiodide. 

K  Rate  constant  for  decrease  of  the  radioiodide  concentration  in  the  blood. 

Kb  Rate  constant  for  organic  binding  of  thyroid  iodide. 


*  This  assumption  is  not  used  in  the  derivations.  Its  validity  is  important  in  order 
that  the  derived  formulae  be  applicable  to  predicting  the  effect  on  the  T/S  ratio  of  block¬ 
ing  binding  with  a  goitrogen.  If  a  goitrogen  has  a  direct  effect  on  iodide  concentrating  or 
other  processes  in  addition  to  the  effect  on  binding,  the  formulae  can  be  expected  to 
predict  only  that  part  of  the  effect  on  the  T/S  ratio  due  to  the  blocking  of  binding. 
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Ke,  Kbe  Riite  constant  for  equilibration  of  iodide  between  blood  and  thyroid  gland 
when  organic  binding  is  blocked  or  permitted,  respectively. 

Qb  Quantity  of  iodide  bound  by  thyroid  gland. 

R,  Rb  Ratio  of  stable  iodide  concentration  in  thyroid  gland  and  blood  when  organic 
binding  is  blocked  or  permitted,  respectively. 

t  Time. 

T  Thyroid  (Subscript). 

V  Rate  of  volume  flow  of  blood  through  thyroid  gland  per  pnit  volume  of  gland. 

V’  Volume. 

*  Radioactive  (Sui)erscript). 

Effect  of  organic  binding  on  the  ratio  of  the  stable  iodide  concentrations  in  thy¬ 
roid  gland  and  blood 

Blood  containing  iodide  at  a  concentration,  /«,  flows  through  the  thy¬ 
roid  gland.  From  each  volume  element  of  this  blood,  AFb,  a  fraction  of  the 
iodide,  F,  goes  into  the  thyroid  so  that  the  amount  of  iodide  going  into  the 
gland  is  IbFAVb.  If  no  organic  binding  occurs,  at  equilibrium  the  concen¬ 
tration  of  iodide  in  the  thyroid.  It,  is  given  by  It  =  RIb  where  R  is  the 
equilibrium  ratio  of  the  stable  iodide  concentrations  in  thyroid  gland  and 
blood.  Since  at  equilibrium  the  thyroid  iodide  concentration  is  a  constant 
the  amount  of  iodide  leaving  the  thyroid  must  equal  that  entering.  It  is 
assumed  that  if  equilibrium  is  not  established  the  amount  of  iodide  leaving 
the  gland  and  going  into  AVb  is  proportional  to  the  concentration  of  thy¬ 
roid  iodide,  i.e.,  the  amount  leaving  at  equilibrium  (when  the  thyroid  iodide 
concentration  is  RIb)  is  I bFAVb.  The  amount  leaving  for  unit  concentra¬ 
tion  is  then 

IbFAVb  FAVb 
RIh  ~  R~ 

and  the  amount  leaving  when  the  thyroid  iodide  concentration  is  It  is 
{It,'R)F AVb-  The  change  of  the  iodide  concentration  in  the  thyroid  will  l)e 
given  by  the  difference  in  amounts  entering  and  leaving  the  gland,  divided 
by  the  thyroid  volume,  Vt-  Assuming  Vb^cAI,  where  c  is  the  rate  of  vol¬ 
ume  flow  of  blood  through  the  gland  in  ml/min.,  the  change  in  thyroid 
iodide  concentration  is  given  by 

J  -  f) 

or 

dl  T  c 

—  =  {RIb  -  It)  =  K,{HI b  -  It)  (i) 

dt  H\  T 

where  A%  is  a  rate  constant  for  equilibration. 

This  equation  states  that  the  rate  of  increase  of  the  thyroid  iodide  con¬ 
centration  is  proportional  to  the  difference  between  the  thyroid  iodide  con¬ 
centration  at  equilibrium  and  the  concentration  existing  at  that  moment 
since  RIb  =  It  at  equilibrium. 
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When  organic  binding  of  iodide  occurs  in  the  thyroid,  it  is  assumed  that  the  rate  of 
binding  is  proportional  to  the  iodide  concentration  in  the  gland,  i.e.. 


dir 

~dr 


=  -  KJt  =  - 


1  dQb 
Vt  dt 


(2) 


where  Kb  is  the  rate  constant  for  organic  binding  of  iodide  in  the  gland.  If  both  binding 
and  equilibrating  of  iodide  between  thyroid  gland  and  blood  occur  the  rate  of  increase 
of  the  concentration  of  thyroid  iodide  will  be  given  by  the  difference  between  the  rate  ol 
increase  of  the  thyroid  iodide  concentration  due  to  net  transfer  of  iodide  from  the  blood, 
and  the  rate  of  decrease  due  to  binding: 

dir  cF 

=  {RIh  -  It)—  -  KJt.  (3) 

(it  K  \  T 


Since  for  a  steady  state  dlr/dt  =  0,  the  thyroid  iodide  concentration  will  be  a  constant 
given  by 


It 


IbRK, 
Kb  +  Ke 


IbR 


=  iBRb 


(4) 


Rb  is  the  ratio  of  stable  iodide  concentrations  in  thyroid  gland  and  blood  when  binding  is 
allowed. 


Eq.  (4)  indicates  that  the  ratio  of  the  stable  iodide  concentrations  in  thj'- 
roid  gland  and  blood  is  expected  to  be  smaller,  the  larger  the  binding  rate 
constant  relative  to  the  rate  constant  for  equilibration  of  iodide  between 
blood  and  thyroid  gland. 


Exchange  and  concentrating  of  radioiodide 

Because  of  the  difficulty  in  making  accurate  stable  iodide  analyses,  and 
because  the  concentration  of  the  stable  iodide  in  the  blood  of  some  species 
is  so  low  that  it  usually  has  not  been  possible  to  measure  it  directly 
(Taurog,  Tong  and  Chaikoff,  1951),  radioiodide  has  been  used  to  make 
estimates  of  the  ratio  of  the  concentrations  of  stable  iodide  in  thyroid 
gland  and  blood. 

In  the  following  paragraphs  a  derivation  is  made  of  a  formula  describing 
the  course  of  the  equilibration  of  injected  radioiodide  between  blood  and 
thyroid  gland.  The  formula  obtained  describes  how  the  relation  between 
R  and  the  ratio  of  the  radioiodide  concentrations  in  thyroid  gland  and 
blood  depends  upon  certain  other  variables.  In  addition  formulae  will  be 
derived  which  describe  the  rate  of  organic  binding  of  radioiodide  by  the 
thyroid,  and  the  time  dependence  of  the  extraction  ratio  during  the  period 
of  equilibration. 

When  a  volume  element  of  blood,  AV'b,  passes  through  the  thyroid  gland  a  constant 
fraction,  F,  of  its  stable  iodide  passes  into  the  tissue;  the  amount  of  stable  iodide  entering 
the  tissue  is  IbFAVb.  When  this  happens  an  amount  of  radioactive  iodide 


— — ■  I  bFsYb  =  Ib*FAVb 
I B 
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also  enters  the  tissue  (where  Ib*/Ib  is  the  specific  activity  of  the  iodide  in  the  blood). 
The  iodide  from  the  blood  which  enters  the  thyroid  tissue  mixes  with  the  iodide  already 
present  in  the  tissue  to  give  an  iodide  concentration  It+^bVAYb/Vt)  in  the  tissue  with 
sjjecific  activity 


It*  + 


Ib*FaVb 

Vt 


It* 


It  + 


IbFSVb 

Vt 


I T 


which  is  essentially'  unchanged  in  the  first  aj)i)roximation  when  AV b  is  made  very  small 
relativ'e  to  Vt. 

A  fraction  of  the  amount  of  iodide  which  has  been  transferred  from  AI’b  to  thyroid 
tissue,  Ft,,  namely,  an  amount  of  thyroid  iodide  given  by  Qb  =  FhlBFAVB  is  bound,  and, 
accom))anying  this,  an  amount  of  radioiodide  which  equals 

Qb*  =  ^  FJbFsVb  =  ~  FFbJ^VB  (5) 

IT  lib 

is  bound.  The  remainder  of  the  iodide  from  AVb,  (I  —Fb)lBFAVB,  with  specific  activity 
now  equal  to  that  of  iodide  in  the  thyroid  tissue,  and  an  amount  of  radioiodide  equal  to 

^  (1  -  Fb)lBF:^VB  =  ^  (1  -  Fb)FsVB 
It  Hb 


are  returned  to  ATa. 

The  change  in  the  concentration  of  radioiodide  in  the  thyroid  due  to  exchange  of 
thyroid  iodide  with  iodide  in  AT’a  equals  the  difference  in  the  amount  of  radioiodide 
entering,  Ib*FAVb,  and  the  amount  leaving  the  thyroid  iodide  space. 

It*  It*  It* 

.  ~  FFbAVB  +  -~{l  -  Fb)FSVB  =  F^Vb, 

v  o  Kb  Kb  Kb 

- _ 

due  to4ransfer  back  to  blood  or  toN binding,  resi)ectively,  divided  l)y  the  thyroid  volume, 

Vt.  _ 

That  is 

Mt*  =  (Ib*F\Vb  -  ^  ~  =  {KbiB*  -  It*)  4"^,—  • 

Now  if  Ib*  =  Io*e~^‘  and  AVB  =  cAt  the  last  equation  becomes 


diT*  .  cF 

— =  {Khli>*e~^‘  —  It*)  _  =  {KbIo*e  —  /r*)Afc, 

at  Kb  y  T 


where  Kbe  =  cF/RbVT  or 


dlF 

dt 


+  Ki,tlT*  =  KbeKbIo*e 


This  equation  has  as  its  integral,  if  It*=0  when  <  =  0, 

Rbib* 


It*  = 


(g-A'i  — 


(fi) 


(7) 


1  - 


Fb 


The  ratio  of  the  radioiodide  concentrations  in  thyroid  gland  and  blood  is  then  given  by 

It* _ ^ 

h 


(1  — 


(8) 


1  - 


Kb, 
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The  corresponding  equation  for  the  case  in  which  binding  is  blocked  (A'(,  =  0)  differs  from 
eq.  (8)  only  in  that  Kbe  and  Rb  are  replaced  by  A%  and  R,  respectively. 

This  equation  indicates  that  a  steady  state  value  of  It* /I b*  can  be  ob¬ 
tained  only  if  K  is  less  than  Kbe-  If  a  steady  state  is  obtained  It*/Ib*  must 
be  expected  to  be  not  equal  to  but  greater  than  the  corresponding  ratio  of 
stable  iodide  concentrations,  R,  unless  the  rate  constant  for  decrease  of  the 
radioiodide  concentration  in  blood  is  small  compared  with  the  rate  con¬ 
stant  for  equilibration. 

In  the  mouse  in  which  organic  binding  of  iodide  by  the  th3Toid  is  blocked 
this  effect  is  probablj’  negligible  since  the  rate  of  loss  of  radioiodide  from 
the  blood  appears  small  enough®  (Wollman  and  Scow,  1953).  However,  to 
insure  simple  interpretation  of  measurements  of  T/S  ratios  using  radio¬ 
iodide  it  is  necessary'  to  compare  the  rate  of  decrease  of  the  radioiodide 
concentration  in  the  blood  with  the  rate  of  equilibration  of  radioiodide  be¬ 
tween  blood  and  tlnroid  gland.  It  appears  to  be  especially  important  to 
check  this  in  experimental  animals  in  which  the  equilibration  rate  constant 
may  be  less  than  normal  (for  example,  after  hj'pophj’sectomj'  (Wollman 
and  Scow,  1953)),  or  in  which  the  rate  constant  for  loss  of  radioiodide  from 
the  blood  might  be  elevated  (if  clearance  of  blood  iodide  hy  the  thjToid  or 
kidney  were  elevated).® 

If  the  rate  of  lo.ssof  radioiodide  from  the  blood  can  be  neglected,  K<^Kbe, 
eq.  (8)  becomes 

It* 

- =  Rb{l  —  (8a) 

Ib* 

Radioiodide  concentrating  can  then  be  described  In'  two  constants  Kbe  (or 
Ke)  and  Rb  (or  R).  Ke  is  given  !)>'  vF/R  where  v  =  c  Vt-  It  maj’  be  possible 
to  determine  v  bj'  measuring  the  arteriovenous  difference  of  iodide  con¬ 
centrations  in  blood  perfusing  the  thjroid  along  with  I'®'  content  in  the 
thj'roid  at  various  time  intervals  after  radioiodide  injection  (Kety,  1949). 
F  can  be  calculated  when  v,  R  and  Ke  are  known. 

The  values  of  the  constants  R  (or  Rb),  Ke,  v  and  F  might  depend  upon 
whether  binding  is  allowed  or  blocked.  So  far  a  direct  experimental  com- 
pari.son  has  been  made  onl\'  for  R  (Wollman  and  Scow,  1953)  and  it  has 

®  Recent  unpublished  observations  in  mice  (Wollman  and  Scow)  indicate  that  at  high 
enough  doses  of  proj)ylthiouracil  (5  mg.  per  25  gm.  body  weight)  the  rate  of  decrease  of 
the  radioiodide  concentration  in  the  blood  becomes  high  enough  to  influence  the  T/S 
ratio  by  the  above  mechanism. 

*  Considerations  analogous  to  the  above  have  been  used  by  Smith  (1951)  in  pointing 
out  the  difficulty  in  estimating  kidney  clearance  of  a  substance  from  the  blood  on  the 
basis  of  measurements  of  the  rate  of  decrease  of  the  concentration  of  the  substance  in 
the  blood. 
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been  found  in  the  hypophysectomized  mouse  that  R  is  smaller  when  bind¬ 
ing  is  allowed  than  when  blocked  (in  accordance  with  predictions  in  this 
paper).  From  this  analysis  it  is  also  to  be  expected  that  if  other  factors  re¬ 
main  constant  the  equilibration  rate  constant,  Ke,  will  be  larger  when  bind¬ 
ing  is  allowed  than  when  blocked,  since  K«  varies  inversely  as  R. 

If  organic  binding  is  blocked  and  radioiodide  has  equilibrated  between 
thyroid  gland  and  blood  it  is  easy  to  show  using  eq.  (6)  that  if  radioiodide 
be  suddenly  removed  from  the  thyroid  arterial  blood  the  thyroid  radio¬ 
iodide  concentration  would  be  expected  to  decrease  exponentially  as  in  the 
equation 

It*  =  (9) 

where  Rio*  is  the  initial  radioiodide  concentration  in  the  thyroid.  The  rate 
constant  for  loss  of  radioiodide  would  therefore  be  expected  to  be  the  same 
as  for  gain. 

In  contrast,  if  administration  of  thiocyanate  causes  a  loss  of  iodide  from 
the  thyroid  gland  (because  R  is  suddenly  reduced  to  approximately  one), 
using  eq.  (1),  the  thyroid  iodide  concentration  can  be  shown  to  be  given  by 

It  =  Ib  +  Ib{R  -  1)6-'^'.  (10) 

The  rate  constant  Ke  =  vF  is  larger  than  that  in  the  preceding  case  by  a 
factor  of  R.  The  difference  appears  to  arise  from  the  fact  that  a  ratio  of  R 
restricts  the  iodide  concentration  in  the  blood  to  be  l/R  times  that  in  the 
thyroid  gland  while  iodide  is  being  removed.  It  is  therefore  not  proper  to 
conclude  from  the  observed  rapid  loss  of  thyroid  iodide  after  administration 
of  thiocyanate  (Stanley  and  Astwood,  1948;  Stanbury  and  Wyngaarden, 
1952),  that  equilibration  of  radioiodide  is  normally  rapid. 


Organic  binding  of  radioiodide 

The  amount  of  radioiodide  bound  during  exchange  of  iodide  between  AVb  and  the 
thyroid  was  given  by  eq.  (5) ; 

AQfc*  =-—FFb^VB.  ’ 

Kb 

Using  A]’’b  =  cA/  and  eq.  (7)  for  It*,  this  yields  the  differential  equation  for  accumulation 
of  bound  radioiodine 

FI\In*r 

(IQb*  =  - — —  (11) 

A 


On  integrating,  assuming  Qb*=0  when  <=0,  this  j-ields 
FFJo*c 


Qb*  =  [^.1  (1  _  c-xq  +  ^  (e-A-6,,  _  i)J. 


(12) 


A  case  of  this  equation,  of  special  interest  because  of  its  simplicity,  is 
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that  in  which  the  radioiodide  concentration  in  the  blood  is  held  constant 
(K  =  0).  When  f  is  sufficiently  large,  eq,  (12)  becomes 

Q,*  =  FJVo*c((  +  -^)  (12a) 

Eq.  (12a)  implies  that  Qi*  will  increase  linearly  with  the  time  at  large  t  and, 
when  this  linear  portion  is  extrapolated  to  ^  =  0,  will  give  an  intercept  on 
the  ^-axis  of  Qb*  =  {FFJo*c/Kbe).  If  equilibration  were  instantaneous,  Kbe 
=  00,  and  Qb*  vs.  t  would  go  through  the  origin. 

Thyroid  arteriovenous  difference  in  radioiodide  concentrations 
The  concentration  of  radioiodide  in  thjToid  venous  blood  is  given  by 

Fir* 

Ib*  -  FIh*  +  (1  -  Fb) 

Rh 

where  the  first  term  is  the  arterial  radioiodide  concentration,  the  second  is 
the  concentration  change  due  to  transfer  of  blood  radioiodide  to  the  thy¬ 
roid  and  the  third  is  the  concentration  change  due  to  transfer  of  thyroid 
radioiodide  to  blood. 

Ui)on  substitutinK  In*  =  Ib*e~^‘  and  eq.  (7)  for  It*,  this  yields 

(1  —  F)Io*e~^‘  +  — - ^ — —  {e~^‘  — 

K 

Kbe 

Tlie  difference  between  the  arterial  and  tlie  venous  concentrations  is  }i;iven  l)y 

A/b*  =  - ^ ^ — —  {e~^‘  — 

^  A. 

Ki,e 

The  thyroid  extraction  ratio  [Ff;  =  (A7b//b)]  is  Riven  by 

(1  _  fAf 

Fg  =  F  -  - - 4-  (1  - 

K 


or 

FK 

F,.F  -  -p-  +  /'’(!  - 

f. - — - - (13) 

^  A 
Kbe 

There  are  several  special  cases  of  interest.  In  all  of  them,  however,  when 
t  =  0,  Fe  =  F.  That  is,  just  after  radioiodide  injection  the  extraction  ratio  is 
limited  by  the  fraction  of  the  blood  iodide  which  exchanges  with  thyroid 
iodide.  After  equilibration  the  value  of  the  extraction  ratio  depends  upon 
the  case.  For  example,  after  equilibration  of  radioiodide,  if  the  radioiodide 
concentration  in  the  blood  is  constant  and  organic  binding  is  permitted. 
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FE  =  FFb.  The  extraction  ratio  will  therefore  be  expected  to  decrease  during 
the  equilibration  and  to  become  constant  after  equilibration  with  a  value 
given  by  the  fraction  of  the  blood  radioiodide  which  becomes  bound. 


Factors  controlling  radioiodine  accumulation 

After  equilibration,  the  radioiodine  uptake  is  controlled  by  the  rate  at 
which  stable  iodide  is  bound  (eq.  2).  The  binding  rate  of  radioiodine  is 
given  by  the  product  of  the  vmlume  of  tissue,  the  binding  rate  constant  and 
the  thyroid  radioiodide  concentration. 


Substituting  for  It*  from 


(eq.  (8)  after  equilibration)  the  above  equations  yields 


dQb*  _  YrKfiRbl  B* 
~dt 


VrKbRlB* 


Conventionally,  the  rate  of  accumulation  of  radioiodine  has  been  written 
as  a  product  of  a  clearance  constant,  Ct,  and  the  blood  concentration  of 
radioiodide.  Is*,  i.e.. 


dOb* 

--  =  Ib*Cj 
dt 


Comparison  of  the  last  two  equations  indicates  that  an  explicit  expression 
for  the  thyroid  clearance  is  given  by 

VrRhR  VtRiiR 


Ct  = 


(14) 


since  A'«  =  vF/ R. 


Two  special  ca.ses  of  eq.  (14)  are  of  interest.  For  simplicity  in  the  discus¬ 
sion  K  will  be  a.ssumed  to  be  small  compared  with  Kbe- 

1)  The  rate  constant  for  equilibration,  X«,  is  small  compared  with  the 
binding  rate  constant  Kb{Ke«.Kb).  This  situation  can  be  recognized  as 
the  one  in  which 


Kb 


K 


«R. 
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The  thyroi(i  clearance  is  given  by 

Ct  =  VtKJI  =  VtvF  =  cF.  (14a) 

The  thyroid  clearance,  Ct,  is  expected  to  be  relatively  independent  of  Kb 
and  R;  the  rate  of  delivery  of  iodide  from  the  blood  to  the  thyroid  gland 
will  control  the  binding  rate  or  the  thyroid  clearance.  This  appears  to  be 
the  situation  for  the  thyroid  gland  of  the  hypophysectomized  mouse 
(Wollman  and  Scow,  1953). 

2)  The  rate  constant  for  equilibration  is  large  compared  with  the  bind¬ 
ing  rate  constant  (Ke^Kh).  This  situation  can  be  recognized  as  the  one  in 
which 

R 

Rb  = - T—  =  R- 

Kb 

‘  + 

The  thyroid  clearance  is  given  by 

Cr  =  1  i{KbR.  (14b) 

The  thyroid  clearance  is  expected  to  be  independent  of  the  rate  of  delivery 
of  iodide  to  the  thyroid.  This  seems  to  l)e  the  case  for  the  thyroid  gland  in 
man,  since  Ingbar  (1952)  has  obtained  data  indicating  that  in  man  that 
T,  S  ratio  is  independent  of  whether  or  not  binding  is  blocked. 

DEVIATIONS  FROM  THE  MODEL 

1.  Non-equivalence  of  all  thyroid  iodide:  At  the  present  time  there  ap¬ 
pears  to  be  some  evidence  for  three  different  iodide  compartments  in  the 
thyroid  gland:  a)  Iodide  which  is  not  freely  exchangeable  with  iodide  in 
the  blood. ^  The  analysis  in  this  paper  does  not  take  this  iodide  (if  it  exists) 
into  account;  this  iodide  would  not  take  part  in  uptake  of  radioiodide; 
b)  iodide  which  is  freely  exchangeable  with  blood  iodide  and  which  is  lo¬ 
cated  in  a  site  where  binding  occurs  and  whose  concentration  determines 
the  rate  of  organic  binding;  c)  iodide  which  is  freely  exchangeable  with 
blood  iodide,  but  which  is  located  at  a  site  where  binding  does  not  occur. 

The  concentration  of  iodide  in  this  latter  site  may  not  be  of  importance 
ordinarily  since  it  may  be  negligible  compared  with  the  total  concentration 
of  freely  exchangeable  iodide  in  the  thyroid  gland.  However,  in  the  special 
case  of  transplantable  tumors  of  the  thyroid  gland  a  few  tumor  lines  have 

’  Evidence  for  this  compartment:  the  ratio  of  the  stable  iodide  concentration  in  the 
tlij'roid  to  that  in  plasma  (Taurog,  Tong  and  Chaikoff,  1951)  is  higher  than  the  corre¬ 
sponding  ratio  for  freely-exchangeable  iodide  as  determined  using  radioiodide  and 
thiouracil. 
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been  tested  in  which  the  total  freely  exchangeable  iodide  concentration  was 
not  much  higher  than  that  expected  from  iodide  confined  largely  to  extra¬ 
cellular  space  (Wollman,  Scow  and  Morris,  1953).  In  this  case  it  appears 
likely  that  the  equation  concerned  with  the  rate  of  organic  binding  must  be 
modified  so  that  the  rate  is  proportional  not  to  the  total  radioiodide  con¬ 
centration  in  the  gland,  but  to  the  radioiodide  concentration  at  the  site  of 
the  binding. 

2.  Non-uniformity  in  size  and  rate  of  blood  flow  in  various  follicles: 
Where  non-uniformity  exists  the  curve  of  the  T/S  ratio  as  a  function  of  the 
time  after  radioiodide  injection  may  be  modified  depending  upon  the  char¬ 
acteristics  of  the  population  of  follicles.  The  modification  will  always  be  in 
the  direction  of  an  initially"  steeper  curve  which  will  deviate  from  linearity 
earlier  and  continue  tori.se  for  a  longer  time  than  predicted  from 

3.  The  fraction  of  the  blood  iodide,  F,  which  is  transferred  from  blood  to 

thyroid  tis.sue  is  large  (approximately  1):  In  the  derivations  the  iodide  or 
the  radioiodide  concentration  of  the  blood  is  assumed  implicitly  not  to 
change  appreciably  as  the  blood  flows  through  the  thyroid  gland.  If  F  is 
clo.se  to  one,  however,  this  is  not  true,  and  it  is  necessary  to  take  into  ac¬ 
count  the  fact  that  the  blood  radioiodide  content  decreases  significantly 
and  progre.s.sively  as  the  blood  flows  through  the  capillary  net  around  the 
follicle.  This  has  the  effect  of  making  the  equilibration  more  rapid  than  pre¬ 
dicted  from  It* / Ib*  =  R{i  bj'  making  It*,  Ib*  proportional  to  the 

time  for  greater  values  of  It* /I b*  than  predicted  from  the  exponential  rela¬ 
tion.  An  analysis  (similar  to  that  which  has  been  pre.sented)  for  the  case 
that  F  =  1  and  the  blood  iodide  exchanges  on  the  average  several  times  dur¬ 
ing  passage  around  the  follicle  is  in  progress. 

4.  If  some  iodide  in  the  thyroid  is  normally  released  from  protein  bound 
thyroid  iodine  by  mechanisms  involving  desiodinating  enzymes  (Roche, 
Michel,  Michel  and  Lissitzky,  1952)  at  a  rate  approximating  the  rate  of 
transport  of  iodide  from  blood  to  thyroid  tissue,  the  above  model  will  have 
to  be  modified.  This  possibility'  appears  to  have  been  ignored  m  all  previous 
models  and  unfortunately  must  be  omitted  here  becau.se  of  lack  of  data. 

5.  If  arteriovenous  shunts  are  important,  i.e.,  if  a  significant  fraction  of 
the  arterial  blood  going  to  the  thyroid  by-passes  the  follicles  but  later  com¬ 
bines  with  thyroid  venous  blood  from  the  follicles,  direct  measurements  of 
F  will  underestimate  its  true  value  (Kety,  1951). 

SUMMARY 

Using  a  simple  model,  equations  have  been  obtained  describing  ex¬ 
change,  concentrating,  and  organic  binding  of  iodide  by  the  thyroid  gland. 
The  analy.sis  indicates  that  when  the  ratio  of  the  iodide  concentrations  in 
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thyroid  gland  and  serum  is  large  enough,  equilibration  of  radioiodide  be¬ 
tween  thyroid  gland  and  blood  may  take  an  appreciable  time.  Whether 
equilibration  of  radioiodide  between  thyroid  gland  and  blood  can  be  con¬ 
sidered  instantaneous  depends  not  upon  the  magnitude  of  the  rate  of  equil¬ 
ibration,  but  upon  its  magnitude  compared  with  a)  the  rate  of  decrease  of 
the  radioiodide  concentration  in  the  blood  and  b)  the  rate  of  organic  bind¬ 
ing  of  thyroid  iodide.  If  equilibration  cannot  be  considered  instantaneous 
the  following  consequences  are  predicted:  1)  If  the  rate  of  organic  bind¬ 
ing  of  thyroid  iodide  is  large  enough  compared  with  the  rate  of  equilibra¬ 
tion  of  iodide  between  thyroid  gland  and  blood,  the  ratio  of  the  thyroid 
iodide  concentration  to  the  blood  iodide  concentration  will  be  greater  when 
organic  binding  is  blocked  than  when  permitted ;  2)  If  the  rate  of  decrease 
of  the  radioiodide  concentration  in  the  blood  is  appreciable  compared  with 
the  rate  of  equilibration  of  radioiodide  between  thyroid  gland  and  blood, 
the  ratio  of  the  radioiodide  concentrations  in  thyroid  gland  and  blood  will 
be  larger  than  the  corresponding  ratio  for  freely  exchangeable  stable  thy¬ 
roid  ioidide;  3)  The  thyroid  clearance  of  iodide  from  the  blood  will  not  be  a 
constant  independent  of  the  time  after  injection. 

An  analysis  is  also  given  of  factors  controlling  the  thyroid  clearance, 
with  criteria  to  determine  which  factors  are  rate  controlling  in  special  cases 
of  importance. 
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IMETAHYPOPHYSEAL  DIABETES  PRODUCED  BY 
GROWTH  HORMONE^ 

JAMES  CAMPBELL,  L.  CHAIKOF  and  L  W.  F.  DAVIDSON 

Department  of  Physiology,  University  of  Toronto,  Toronto,  Canada 

IT  WAS  found  by  Cotes,  Reid  and  Young  (1949)  that  purified  growth 
hormone  preparations  induced  idiohypophyseal,  or  temporary  pitu¬ 
itary,  diabetes  in  cats.  This  was  shown  also  in  dogs  (Campbell,  Davidson, 
Snair  and  Lei,  1950).  Permanent  pituitary  or  metahypophyseal  diabetes 
has  been  produced  by  purified  growth  hormone  in  the  partially  depancre- 
atized  dog  (Houssay  and  Anderson,  1949),  and  in  dogs  that  had  previously 
been  given  partially-purified  diabetogenic  preparations  on  one  or  more  oc¬ 
casions  (Campbell,  Davidson  and  Lei,  1950;  Campbell,  Lei  and  Davidson, 
1951).  Metahypophyseal  diabetes  has  now  been  produced  in  intact,  pre¬ 
viously'  untreated  dogs  by  still  further  purified  growth  hormone.  These  re¬ 
sults  are  reported  together  with  observations  on  the  characteristics  of  this 
diabetic  state. 

METHODS 

The  growth  hormone  preparations  were  dissolved  (10  mg. /ml.)  in  sterile,  pyrogen-free 
saline  and  were  injected  subcutaneously  with  sterile  syringe  and  needle.  The  skin  was 
shaved,  cleaned  ami  painted  with  iodine  prior  to  injection.  Samples  of  venous  blood  were 
withdrawn  in  the  morning,  then  injections  were  given,  followed  by  the  first  meal.  After 
8  hours  the  second  injection  and  the  second  meal  were  giv'en.  The  prepared  dog  foods 
were  Chum,  Canada  Packers  Limited,  a  moist  cooked  ration  composed  of  ground  meat, 
grains  or  starches,  minerals,  etc.,  and  compressed  dry  dog  chow  manufactured  by  the 
Ralston  Purina  Company  (Table  3).  The  analytical  methods  have  been  described  by 
Campbell,  Hausler,  Munroe  and  Davidson  (1953). 

EXPERIMENTAL 

The  growth  hormone  preparations  that  produced  perrhanent  diabetes 
were  obtained  by  three  methods.  The  preparations  designated  W  were  ob¬ 
tained  by  the  method  of  Wilhelmi,  Fishman  and  Russell  (1948)  from  Frac¬ 
tion  A.  The  dogs  P  and  W  received  W5  and  dogs  B  and  J  received  W8.  The 
other  two  growth  hormone  preparations,  termed  DP  and  DKP,  were  made 
by  the  methods  of  Campbell  and  Davidson,  to  be  described.  The  dog  M 
received  the  DP  preparations.  Nos.  20,  24  and  26,  while  dog  T  received  the 
DKP  preparations  Nos.  21,  22,  and  23  (Table  2). 

Received  for  publication  June  3,  1953. 

1  This  investigation  was  aided  by  grants  from  the  National  Research  Council  and  the 
National  Cancer  Institute  of  Canada. 
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Table  1.  Growth-promoting  activity 

Assays  of  growth-promotinR  activity  by  the  tibia  test  of  Greenspan,  Li,  Simpson  and 
Evans  (1949).  Female,  Sprague-Dawley  rats  of  75  to  80  gm.  body  weight  were  hypophysec- 
tomized,  and  after  14  days  the  test  preparations  in  0.5  ml.  saline  were  injected  intraperi- 
toneally  for  4  days.  The  width  of  the  epiphyseal  cartilage  of  the  tibia  was  measured  24  hours 
after  the  last  injection. 


Preparations 

injected 

No. 

rats 

Responses 
width  of  tibial  disc 

Comparative 
activity 
%  of  D19P 

.\ssay 

No. 

No. 

Dose,  total 
in  4  days 

Mg.  per  rat 

Microns 

Increase 

microns 

3.51 

D20P 

100 

0 

294 

1501 

40 

6 

254 

110/ 

2.52 

D24P 

100 

6 

277 

1221 

40 

6 

259 

104/ 

4.52 

D26P 

100 

3 

275 

140^ 

40 

6 

237 

101/ 

2.52 

D21KP 

100 

6 

315 

159 

40 

6 

267 

111/ 

4.52 

D22KP 

100 

6 

246 

1101 

40 

6 

210 

75/ 

1 .52 

D23KP 

100 

6 

388 

1541 

40 

6 

299 

66/ 

The  growth-promoting  activity  of  W5  was  tested  by  the  body  weight  method  of  Marx, 
Simjison  and  Evans  (1942)  in  groups  of  7  young  female  hypophysectomized  rats.  Doses 
of  10,  25  and  100  /xg.  per  rat  per  day  for  10  days  increased  the  body  weight  by  8,  14  and 
15  gm.,  these  respon.ses  indicating  activit}*  of  about  two-thirds  that  of  the  growth  hor- 

TaBLE  2.  MeTAHYPOPHYSEAL  diabetes,  indi  ction  and  insulin  REQITRE.MENTS 

The  dogs  were  given  Diet  3  during  the  induction  period.  Dogs  P  and  W  received  insulin 
for  17  and  64  days  respectively  before  pancreatectomy.  The  insulin  requirements  were  de¬ 
termined  on  Diet  1,  containing  raw  pancreas. 

Induction  period  Metahypophyseal  diabetes 


Insulin  requirement. 


Dog 

Growth 

hormone 

prepara¬ 

tion 

Average 
dosage 
per  kg. 
p(‘r  day 
mg. 

Dura¬ 
tion  of 
injec¬ 
tions 
days 

Period 

without 

insulin 

days 

units  per  day 

Before 

pancreatec¬ 

tomy 

IZ*  PZI* 

After 

pancreatec- 

tomv 

IZ  PZI 

P 

W5 

3.03 

27 

44 

() 

4 

12  6 

W 

W5 

3.5 

3 

45 

16 

8 

16  8 

B 

W8 

3.5 

26 

4 

.1 

W8 

3.5 

36 

52 

8 

4 

M 

DP,  Nos. 

3.5 

15 

92 

8 

8 

20,  24,  26 

T 

DKP  Nos. 

3.5 

37 

150 

6 

6 

21,  22,  23 

*  IZ,  insulin-zinc  and  PZI,  protamine-zinc  insulin  of  the  Connaught  Medical  Re.search 
Laboratories. 
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Table  3.  Diets 

These  daily  diets  were  Riven  as  two  meals,  8  hours  apart.  Lean  ground  horse  meat 
and  compressed  dog  food  (“Purina”  dog  checkers)  were  used 


Diet 

Foodstuffs,  grams 

Nutrients,  calculated,  grams 

No. 

Pancreas  meat 

chow 

sucrose 

Calories 

protein 

fat 

carbohydrate 

1 

200  400 

40 

866 

103 

30 

46 

2 

400 

100 

40 

953 

105 

17 

95 

3 

600 

200 

80 

1680 

172 

26 

190 

4 

300 

300 

40 

1480 

137 

13 

205 

5 

1  Canned  dog  food  (“Chum”) 

640 

56 

17 

65 

mone  preparation  W4P  described  bj'  Campbell  et  al.  (1950).  The  growth-promoting 
activities  of  the  other  preparations  were  assayed  by  the  tibia  test  of  Greenspan,  Li, 
Simpson  and  Evans  (1949)  in  groups  of  5  to  7  young  female  hypophysectomized  rats 
given  intraperitoneal  injections  of  the  preparations  for  4  days,  beginning  14  days  after 
operation.  In  order  to  produce  comparable  results,  a  reference  preparation  of  growth 
hormone,  D19P,  was  given  at  2  or  more  dosage  levels  to  groups  of  hypophysectomized 
rats  in  each  assay.  Total  doses  of  40  and  100  /xg.  of  W8  per  rat  increased  the  width  of  the 
proximal,  uncalcified  cartilaginous  disc  of  the  tibia  by  73  and  117  microns,  over  the  con¬ 
trol  value.  This  response  is  equivalent  to  about  50%  of  the  standard  preparation  D19P. 
The  growth  responses  to  the  DP  and  DKP  preparations  indicated  that  both  possessed 
very  high  activity,  about  equal  to  that  of  D19P  (Table  1).  At  the  total  dose  of  40  pg.  of 
these  preparations  the  average  increases  in  the  width  of  the  tibias  were  105  and  84 
microns  respectively,  while  at  the  total  dosage  of  100  /xg.  the  discs  were  increased  in 
width  by  137  and  141  microns  respectively  (Table  1).  Direct  comparison  of  the  growth 
activities  of  these  preparations  with  that  of  others  is  not  possible  at  present  due  to  lack 
of  a  standard  reference  preparation  of  growth  hormone,  so  that  comparisons  must  be 
made  on  the  basis  of  biological  response.  The  responses  obtained  by  Greenspan  et  al. 
(1949)  to  the  bovine  growth  hormone  of  Li,  Evans  and  Simpson  (1945)  were  105  and 
146  microns  at  these  total  doses  of  40  and  100  /xg.  respectively.  The  responses  obtained 
in  the  two  laboratories  to  the  different  bovine  growth  hormone  preparations  are  thus 
essentially  the  same,  although  it  must  be  remembered  that  the  conditions  of  the  assay 
may  have  an  influence  on  the  results. 

The  adrenocorticotrophic  activity  was  estimated  by  depletion  of  the  ascorbic  acid  of 
the  adrenal  glands  in  hypophysectomized  rats,  according  to  Sayers,  Sayers  and  Wood¬ 
bury  (1948).  On  the  day  after  hypophysectomy  the  left  adrenal  gland  was  removed 
under  amytal  anaesthesia  and  the  test  substances  in  1  ml.  saline  were  given  intrave¬ 
nously.  After  1  hour  the  right  adrenal  gland  was  removed  and  the  ascorbic  acid  content  of 
each  gland  was  determined.  Growth  preparation  W5  in  doses  of  100,  50,  20  and  10  /ig.  to 
groups  of  5  or  6  hypophysectomized  rats  decreased  the  average  ascorbic  acid  concentra¬ 
tions  of  the  right  as  compared  to  the  left  adrenal  by  159±8.8,  144  +  11.2,  121  +  11.0  and 
39  +  14.6  mg.%  respectively.  The  standard  errors  are  given.  These  results  are  directly 
comparable  to  those  of  Campbell,  Davidson,  Snair  and  Lei  (1950,  Table  3)  and  indicate 
that  the  growth  hormone  preparation  W5  is  about  equivalent  in  ACTH  activity  to  2.8% 
of  ACTH,  SlO  and  to  about  15%  of  ACTH,  41-L  (Armour).  The  latter  is  said  to  contain 
about  68%  of  the  ACTH  activity  of  the  ACTH  standard,  La-1. A. 

The  ACTH  activity  of  the  DP  and  DKP  preparations  was  estimated  to  be  low,  since 
clear  evidence  that  the  doses  given  (100  to  1000  /xg.)  contained  demonstrable  amounts  of 
ACTH  was  not  obtained  (Campbell  and  Davidson,  to  be  published).  Many  more  assays 
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would  be  required,  however,  to  determine  the  actual  level  of  possible  contamination. 

The  thyroid-stimulating  activity  was  measured  by  the  method  of  Campbell,  Gemein- 
hardt  and  Britton  (1952),  which  is  a  modification  of  the  method  of  Ghosh,  Woodbury 
and  Sayers  (1951).  Groups  of  hypophysectomized  rats  were  given  subcutaneous  injec¬ 
tions  twice  daily  of  the  test  preparations.  The  last  of  these  injections  was  at  72  hours 
and  at  this  time  also  without  carrier,  was  given  intraperitoneally.  The  animals  were 
sacrificed  8  hours  later  and  the  radioactivity  of  the  thyroid  glands  was  determined.  By 
this  method  the  growth  hormone  preparation  D20P  was  found  to  contain  0.1  U.S.P. 
units  of  thyrotropin  per  mg.  No  thyroid-stimulating  activity  was  detected  in  the  growth 
hormone  preparations  D21KP  and  D23KP. 

Combined  test  for  adrenocorticotrophin,  thyrotrophin  and  gonadotrophins 

The  adrenal  repair  test  of  Simpson,  Evans  and  Li  (1943)  was  used  to  test  for  con¬ 
taminants  in  D33KP.  Total  doses  of  5  mg.  in  4  days  in  young  female  hypophysectomized 
rats  increased  the  body  weight  from  83  to  103  gm.  The  adrenal  glands  were  increased 
slightly  in  weight  (14.5  mg.  in  the  test,  and  12.3  mg.  in  the  control  groups)  but  not  quite 
in  proportion  to  body  weight.  No  histological  changes  were  noted.  The  cells  of  the  thyroid 
acini  and  the  general  appearance  of  the  glands  were  the  same  in  both  groups.  No  gonadal 
stimulation  was  observed.  Thus  these  tests  on  the  growth  hormone  obtained  by  the  DKP 
procedure  did  not  reveal,  with  the  dosages  and  conditions  employed,  the  presence  of 
TSH  or  gonadotrophins. 

The  results  of  the  electrophoretic  and  ultracentrifugal  analyses,  to  be  re¬ 
ported,  indicate  a  high  degree  of  homogeneity  and  correspondence  with  the 
findings  of  Li  ct  al.  (1945)  and  of  Wilhelmi  et  al.  (1948). 

Induction  of  permanent  diabetes 

Permanent  diabetes  has  been  produced  in  six  dogs  given  purified  growth 
hormone.  Some  of  the  findings  in  three  of  these  dogs  (P,  W  and  J)  have 
been  reported  by  Campbell,  Davidson  and  I^ei  (1950)  and  by  Campbell, 
I^ei  and  Davidson  (1951).  Prior  to  the  injections  that  resulted  in  permanent 
diabetes,  two  of  the  dogs  (P  and  W)  had  been  given  purified  grov/th  hor¬ 
mone,  which  produced  temporary  diabetes,  and  before  this  had  also  been 
used  to  test  the  diabetogenic  activities  of  other  pituitar}'  preparations.  The 
dogs  (B  and  J)  had  on  a  previous  occasion  been  given  six  daily  injections 
of  a  partially-purified  anterior  pituitary  extract,  in  order  to  test  them  for 
sensitivity  to  the  diabetogenic  effects.  The  signs  of  diabetes  elicited  by  the 
injections  disappeared  in  two  days.  In  all  cases  a  month  elapsed  before  giv¬ 
ing  the  injections  of  purified  growth  hormone  which  led  to  permanent  di¬ 
abetes.  Thus  the  blood  sugar  levels  were  normal  and  sugar  was  not  present 
in  the  urine  for  some  weeks  before  starting  these  injections.  The  dogs  M 
and  T  had  not  been  treated  in  any  way  prior  to  the  series  of  injections  of 
growth  hormone  that  resulted  in  metahypophyseal  diabetes. 

During  the  period  of  induction  of  permanent  diabetes  by  injection  of  the 
growth  hormone,  polyuria,  polydipsia,  hyperglycaemia,  glycosuria  and 
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ketonuria  occurred.  Towards  the  end  of  the  injections  the  morning 
blood  sugar  was  usually  over  300  mg.%  and  about  two  litres  of  urine,  con¬ 
taining  over  100  gm.  of  sugar,  were  excreted  daily.  Towards  the  end  of  the 
injection  period  the  tests  for  ketone  bodies  in  the  urine  became  especially 
strong.  Eventually  the  dogs  exhibited  lassitude,  refused  food  occasionally 
and  vomited  frequently.  The  dosage  of  the  growth  hormone  preparations 
was  from  3  to  3.5  mg.  per  kg.  per  day  (Table  2).  In  5  eases  permanent  di¬ 
abetes  was  produced  by  15  to  37  days  of  injection  of  growth  hormone.  In 
dog  W,  however  only  3  injections  were  required,  and  insulin  had  to  be  as- 
ministered  for  2  days  immediately  following  the  last  injection  in  order  to 
rescue  him  from  diabetic  coma  produced  by  growth  hormone.  It  would 
seem  probable  that  this  dog  had  been  made  susceptible  to  the  diabetogenic 
effects  of  the  purified  material  by  the  previous  periods  of  injection. 

Permanent  Pituitary  Diabetes 

One  of  the  dogs  (B)  died  from  some  unknown  cause  four  days  after  the 
last  injection  of  growth  hormone,  so  that  the  permanence  of  the  diabetes 
is  not  established  in  this  case.  Until  death,  the  blood  sugar  was  high  and 
sugar  was  excreted  in  the  urine.  At  autopsy,  performed  within  8  hours  of 
death,  long  “goose-fat”  plasma  clots  were  found  in  the  pulmonary  and 
caval  veins.  These  were  apparentlj'  of  post-mortem  origin,  as  they  were  not 
obviously  adherent  to  the  walls  of  the  vessels,  and  on  histological  examina¬ 
tion  did  not  exhibit  lines  of  Zahn.  Only  a  small  amount  of  insulin  was  ex¬ 
tractable  from  the  pancreas  (Table  5)  and  the  beta  cells  of  the  pancreatic 
islets  were  few  and  poorly  granulated.  The  other  tissues  appeared  normal. 

In  the  other  fiv^e  dogs  the  diabetes  persisted  throughout  long  periods  of 
observation,  without  signs  of  diminution,  after  the  injections  of  growth 
hormone  were  stopped.  The  periods  of  diabetes  without  insulin  ranged  from 
44  to  150  days  (Table  2)  and  the  entire  periods  of  observation,  including 
the  periods  prior  to  and  after  giving  insulin,  for  dogs  P,  W,  J,  M,  and  T 
were  80, 109, 404,  285  and  251  days.  These  periods  were  terminated  by  pan¬ 
createctomy  in  dogs  P  and  W,  while  M  and  T  are  still  tinder  observation. 

During  the  stage  of  metahypophyseal  diabetes  without  insulin  injections 
the  urine  volumes  and  the  amounts  of  sugar  excreted  were  remarkably 
high.  Although  the  body  weights  did  not  exceed  15.5  kg.  the  average  urine 
volumes  during  the  whole  of  this  period  were  2800,  2600,  2600,  1100  and 
780  ml.  per  day  in  dogs  P,  W,  J,  M  and  T  respectively,  while  the  corre¬ 
sponding  average  amounts  of  sugar  excreted  were  200,  200,  130,  85  and  52 
gm.  The  concentrations  of  sugar  in  the  urine  ranged  from  averages  of  5  to 
7.9  %,  the  maximum  observed  on  single  days  being  about  10%. 

In  the  dogs  J  on  Diet  3,  and  T  on  Diet  5,  less  sugar  was  excreted  than 
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the  calculated  amounts  of  total  preformed  carbohydrate  in  the  diets.  In 
dogs  P,  Diet  3,  and  W,  Diets  4  and  5,  the  sugar  excretion  about  equalled, 
or  slightly  exceeded  the  total  carbohydrate  ingested.  In  dogs  P,  Diet  2,  and 
M,  Diet  5,  the  average  amounts  of  sugar  in  the  urine  exceeded  the  dietary 
carbohj^drate  by  30  and  17  gm.  per  day  respectively.  The  above  comparison 
may  be  questioned,  however,  since  the  availability  of  the  dietary  carbo- 
hydrate  to  the  tissues  was  not  determined.  The  sugar  excretion  may  pos¬ 
sibly  be  under-rated  relative  to  the  intake. 

The  nitrogen  excretion  of  the  permanently  diabetic  dog  P  on  Diet  2,  and 
without  insulin,  ranged  from  8.1  to  16.0  gm.,  average  13.8  gm.  per  day  for 
7  days.  The  nitrogen  intake  on  this  diet  was  16.8  gm.  Since  an  average  of 
126  gm.  of  sugar  was  excreted,  the  proportion  of  gm.  glucose  per  gm.  nitro¬ 
gen  was  9.1.  With  a  correction  for  the  preformed  carbohydrate  of  the  diet, 
the  D/N  ratio  was  126-95/13.8  =  2.2.  It  should  be  noted  that  this  quotient 
was  obtained  on  a  mixed  diet  that  contained  both  animal  and  vegetable 
protein. 

These  results  cannot  be  compared  to  those  of  Marks  and  Young  (1939) 
due  to  differences  in  diets.  In  an  extensive  study,  these  authors  found  that 
the  sugar  excretion  of  metahypophyseal  diabetic  dogs,  on  a  diet  of  meat 
and  without  insulin,  was  greatly  in  excess  of  the  small  amount  of  carbohy¬ 
drate  in  the  food.  Under  these  conditions  it  was  found  that  the  D/N  ratio 
was  high,  ranging  from  3.09  to  3.95. 

The  permanent  diabetes  produced  by  growth  hormone  in  dogs  was  tol¬ 
erated  remarkably  well.  Nevertheless  some  deterioration  in  condition  be¬ 
came  apparent.  The  body  weight  declined,  due  in  all  probability  to  the 
losses  of  sugar  and  nitrogen  in  the  urine  and  to  the  increasing  acidosis.  It 
was  found,  in  agreement  with  the  observations  of  Marks  and  Young,  that 
this  weight  loss,  and  apparently  some  of  the  accompanying  unfavourable 
effects  on  the  animals,  could  be  prevented  to  some  extent  by  increasing 
the  food  intake.  The  effectiveness  of  this  treatment  was  limited,  how¬ 
ever,  for  although  dogs  P,  W  and  J  received  finally,  in  the  metahypophyseal 
diabetic  state  without  insulin,  very  rich  diets  (Nos.  3  and  4),  the  metabolic 
deficiencies  were  not  overcome  in  the  latter  two  dogs.  In  them,  the  turn 
to  an  unfavourable  state  appeared  to  coincide  with  digestive  upset. 

Ketones  disappeared  from  the  urine  on  ceasing  the  injections  of  growth 
hormone,  but  later  appeared,  and  the  qualitative  test  (Rothera’s)  became 
increasingly  strong.  Failure  of  appetite,  vomiting  and  dehydration  were 
noted  eventually.  It  appeared  that  the  administration  of  insulin  was 
necessary,  after  45  and  52  days  of  diabetes  in  dogs  W  and  J  respectively, 
in  order  to  prevent  collapse.  The  dogs  P,  M  and  T  were  still  in  relatively 
good  condition,  however,  at  the  end  of  44,  92  and  150  days  of  diabetes 
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Table  4.  The  urinary  excretion  of  metahypophyseal  diabetic 

DOGS,  UNTREATED  WITH  INSULIN 


Urine,  average  daily  values. 

with  ranges 

Dog 

Body 

weight, 

kR. 

Period 

observed, 

days 

Diet 

No. 

Volume, 
ml.  per 
kg.  body 
weight 

Sugar 
excretion, 
gm.  per  kg.  • 
body  weight 

Sugar  con¬ 
centration, 
gm.  per  100  ml. 
urine 

P 

15.5 

29 

3 

185 

(146-210) 

12. *9 

(10.5-15.4) 

6.98 

(5.91-7.91) 

15.2 

15 

2 

105 

(62-128) 

(5.4-10.1) 

7.80 

(6.22-8.50) 

W 

9.5 

25 

4 

265 

(250-305) 

21.7 

(18.9-23.8) 

(7.3V-8.IO) 

4 

3 

256 

(237-284) 

20.2 

(18.1-21.4) 

7.50 

(7.30-7.65) 

B 

15.3 

4 

2 

!  156 

11.1 

7.10 

J 

9.8 

42 

3 

265 

(61-388) 

13.3 

(6.5-19.4) 

5.02 

(4.0-6. 1) 

M 

9.0 

69 

5 

121 

(11-290) 

9.1 

(3.5-24.8) 

7.6 

(2.4-10.9) 

T 

8.6 

39 

5 

87 

(24-210) 

5.8 

(1.6-13.6) 

6.9 

(1.9-9. 8) 

without  insulin  (Table  2).  The  dogs  W,  M  and  T  lost  weight  during  this 
period  to  the  extents  of  1.3,  3.5  and  2.9  kg.  respectively,  but  the  weights  of 
P  and  J  were  not  much  altered. 

The  administration  of  insulin  promptly  reduced  the  hyperglycaemia, 
glycosuria,  ketonuria  and  polyuria  and  caused  a  rapid  gain  in  body 
weight.  The  improvement  in  appetite  and  in  apparent  general  well-being 
on  giving  insulin  was  no  less  dramatic.  When  the  diabetes  was  controlled 
so  that  2  to  12  gm.  of  sugar  were  excreted  with  Diet  1,  the  insulin  require¬ 
ments  of  these  permanently  diabetic  dogs  were  similar  to  those  of  de- 
pancreatized  dogs  (Table  2).  Following  pancreatectomy,  the  insulin  re¬ 
quirement  of  dog  W  was  unchanged,  while  that  of  dog  P  was  apparently 
increased,  although  it  is  doubtful  whether  this  difference  is  significant 
(Table  2). 

The  extractable  insulin  of  the  pancreas  of  these  diabetic  dogs  was  de¬ 
termined  by  the  mouse-convulsion  method  (Wrenshall,  1951).  In  dogs  P 
and  W  only  about  0.5%  of  the  normal  amount  was  found  (Table  5). 

The  results  of  the  histological  examinations  of  the  pancreases  will  be 
reported  by  Dr.  W.  Stanley  Hartroft.  In  general,  the  amount  of  islet  tissue 
was  reduced  relative  to  the  acinar  tissue.  In  the  islets  of  Langerhans 
fewer  beta  cells  were  present,  relative  to  alpha  cells,  than  in  normal  islets. 
The  beta  cells  were  very  deficient  in  granular  material,  and  were,  in  some 
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instances,  vacuolated.  The  reduction  in  the  amount  of  beta  cell  granula¬ 
tion  agreed  well  with  the  amounts  of  insulin  extractable  from  the  pan¬ 
creas.  These  findings  are  in  agreement  with  those  of  Best,  Campbell, 
Haist  and  Ham  (1942)  on  the  extractable  insulin  and  histological  changes 
of  the  pancreas  in  dogs  with  permanent  pituitary  diabetes. 

It  may  be  concluded  that  metahypophyseal  diabetes  was  produced  in 
these  dogs  given  purified  growth  hormone. 

DISCUSSION 

The  diabetes  produced  by  these  growth  hormone  preparations  has  per¬ 
sisted  for  periods  of  observation  up  to  400  days  and  since  no  signs  of  dimi¬ 
nution  in  the  intensity  of  the  diabetes  occurred,  it  appears  that  the  dia¬ 
betes  is  permanent.  As  is  evident  from  Table  4,  the  diabetes  is  severe.  It 
is  remarkable  that  the  dogs  can  live  in  this  diabetic  state  for  long  periods, 
up  to  150  days,  without  the  administration  of  insulin.  In  comparison, 
depancreatized  dogs  given  raw  pancreas  in  the  diet,  can  survive  for  rela¬ 
tively  short  periods  (about  7  to  12  days)  without  insulin,  although  in  them 
the  concentrations  of  sugar  in  the  blood  and  the  amounts  of  sugar  excreted 
are  not  greater.  The  presence  of  the  pancreas  in  the  dogs  made  diabetic  by 
growth  hormone  evidently  permits  of  this  longer  survival.  Whether  this 
can  be  attributed  to  a  small  residuum  of  islet  cells  secreting  insulin,  or  to 
some  other  influence  of  the  pancreas,  is  at  present  unknown. 

When  insulin  is  given  to  these  diabetic  dogs  there  is  a  marked  improve¬ 
ment  in  alertness  and  activity,  and  weight  is  gained  rapidly.  The  insulin 
requirements  were  not  notably  different  from  those  of  depancreatized 
animals,  and  pancreatectomy  did  not  cause  much  change  in  the  insulin 
requirements  of  two  of  the  dogs.  In  some  instances  of  dogs  made  perma- 

Table  5.  Extractable  insulin  of  the  pancreas 

The  metahypophyseal  diabetic  dogs  P  and  W  were  depancreatized  37  and  64  days  re¬ 
spectively  from  the  start  of  the  insulin  treatment.  The  dog  J  received  injections  of  growth 
hormone  for  4  days,  total  dose  12.5  mg.  per  kg.  of  body  weight,  with  the  usual  dose  of  insulin 
and  died  in  diabetic  acidosis  during  the  night,  the  pancreas  being  removed  in  the  morning. 


Metahypo¬ 

physeal 

Body 

weight, 

kg. 

Pancreas 
weight,  gm. 
per  kg. 
body  wt. 

Extractable  insulin  of  the  pancreas, 
units 

diabetic 

dogs 

Per  gm. 
pancreas 

Per  kg. 
body  wt. 

P 

13.1 

2.65 

0.021 

0.070 

W 

12.6 

1.44 

0.022 

0.031 

B 

15.3 

3.. 36 

0.071 

0.24 

.1 

10.7 

1.57 

(0.049) 

(0.08) 

Normal  dogs. 

Means  of  5 

10.4 

1.83 

4.52 

7.81 

Range,  from 

8.5 

1.42 

2.41 

5.90 

to 

13.7 

2.75 

6.44 
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nently  diabetic  by  anterior  pituitary  extracts  the  insulin  requirements 
are  higher  than  those  of  depancreatized  dogs,  but  in  other  instances  the 
requirements  are  not  different  (Young,  1938;  Marks  and  Young,  1939; 
Campbell  and  Best,  1938;  Campbell,  Keenan  and  Best,  1939). 

Insulin  can  be  extracted  from  the  pancreases  of  the  dogs  made  perma¬ 
nently  diabetic  by  growth  hormone  but  the  amount  is  about  0.5  to  1.5 
per  cent  of  normal.  Histological  observations  show  loss  of  islet  tissue  with 
particularly  severe  destruction  of  the  beta  cells. 

Thus  the  diabetes  produced  by  purified  growth  hormone  may  be  charac¬ 
terized  by  its  permanence,  great  intensity,  survival  without  insulin  for 
long  periods,  improvement  of  condition  produced  by  insulin,  insulin  re¬ 
quirements  that  were  in  the  range  of  those  expected  of  depancreatized 
dogs,  the  minor  effects  of  pancreatectomy  on  the  insulin  requirements,  the 
histological  changes  in  the  islets  of  Langerhans  and  the  very  low  amounts 
of  insulin  extractable  from  the  pancreas.  These  signs  have  been  observed 
previously  in  the  permanent  pituitary  or  metahypophyseal  diabetes  pro¬ 
duced  in  dogs  by  crude  or  partially  purified  anterior  pituitary  extracts 
(Young,  1937;  Richardson  and  Young,  1938;  Marks  and  Young,  1939; 
Campbell  and  Best,  1938;  Campbell,  Keenan  and  Best,  1938;  Houssay, 
1942;  Haist,  Campbell  and  Best,  1940).  It  may  therefore  be  concluded 
that  purified  growth  hormone  alone  can  produce  metahypophyseal  dia¬ 
betes. 

From  the  results  of  the  biological  assays  and  other  tests  of  the  growth 
preparations,  the  thyroid-stimulating  hormone,  adrenocorticotrophic  hor¬ 
mone,  interstitial  cell-stimulating  hormone  and  the  follicle-stimulating 
hormones  can  be  ruled  out  as  necessary  participants  in  the  result.  While 
definite  assays  are  not  yet  available,  preliminary  tests  indicate  that  pro¬ 
lactin  is  not  necessarily  involved.  The  available  data  support  the  conclu¬ 
sion  that  the  permanent  diabetes  was  caused  by  the  growth  hormone  of 
the  anterior  pituitary  gland.  The  possibility  that  the  diabetes  was  caused 
by  an  unidentified  principle  associated  with  the  growth  hormone  cannot 
be  excluded  with  certainty  on  chemical  grounds.  On  the  other  hand, 
physiological  experiments,  described  by  Campbell,  Munroe,  Hausler  and 
Davidson  (1953),  provide  evidence  for  the  deduction  that  the  growth 
hormone  may  first  stimulate  the  pancreatic  islets  to  increased  insulin- 
secreting  activity,  and  that  continued  stimulation  by  excess  of  the  growth 
hormone  may  lead  to  overwork  of  the  beta  cells  and  finally  to  their 
atrophic  state  characteristic  of  permanent  pituitary  diabetes. 

It  may  be  noted  that  the  concentration  of  sugar  in  the  urine  of  the  meta¬ 
hypophyseal  diabetic  dogs,  without  insulin,  reached  a  maximum  of  about 
10  per  cent.  In  view’  of  the  very  large  amounts  of  sugar  excreted  and  the 
high  urine  volumes,  it  would  appear  probable  that  this  may  represent 
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approximately  the  maximum  concentrating  ability  of  the  kidney  tubules 
under  these  conditions. 

SUMMARY 

Permanent  pituitary  or  metahypophyseal  diabetes  has  been  produced 
in  dogs  by  purified  bovine  growth  hormone.  The  thyroid-stimulating, 
adrenocorticotrophic,  interstitial  cell-stimulating  and  follicle-stimulating 
hormones  are  excluded  as  necessary  participants  in  the  production  of  the 
diabetes.  Prolactin  also  does  not  appear  to  be  involved. 

The  diabetes  produced  by  growth  hormone  has  persisted  throughout  the 
periods  of  observation,  up  to  400  days,  without  signs  of  diminution.  The 
diabetes  is  intense,  but  can  be  tolerated  for  long  periods,  up  to  150  days 
of  abservation,  without  insulin.  However,  insulin  improves  the  condition 
of  the  dogs.  The  insulin  requirements  were  within  the  range  of  those  found 
for  depancreatized  dogs.  Pancreatectomy  of  the  metahypophyseal  dogs  did 
not  produce  marked  alteration  in  the  insulin  requirements.  The  acinar  tissue 
of  the  pancreas  is  normal  histologically,  but  the  islet  tissue  is  reduced  and 
the  beta  cells  show  severe  degeneration.  The  insulin  extractable  from  the 
pancreas  is  very  low. 
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THE  ACTION  OF  RELAXIN  ON  MAMMARY  GLAND 
GROWTH  IN  THE  RAT' 

THOMAS  C.  SMITHS* 

The  Biological  Laboratories,  Harvard  University,  Cambridge,  Massachusetts 

SMALL  doses  of  progesterone  injected  simultaneously  with  estrogens 
produce  optimal  lobulo-alveolar  growth  in  the  mammary  glands  in  the 
mouse  (Mixner  and  Turner,  1940)  or  rabbit  (Lyons  and  McGinty,  1941), 
while  in  the  rat  relatively  larger  doses  of  progesterone  are  required  to  elicit 
a  comparable  reaction  (Curtiss,  1949).  Hamolsky  and  Sparrow  (1943)  first 
showed  that  relaxin,  injected  simultaneously  with  small  doses  of  estradiol 
and  progesterone,  resulted  in  good  lobulo-alveolar  growth  in  immature,  es¬ 
tradiol-primed,  ovariectomized  rats.  Administration  of  a  combination  of 
any  two  of  these  hormones  in  the  dosage  used  yields  negative  results.  There 
was  little  or  no  mammary  response  to  any  combination  in  the  ovariecto¬ 
mized,  hypophysectomized  rat.  This  paper  is  a  further  investigation  into 
the  effects  of  relaxin  on  the  mammarj'  glands  of  the  rat. 

MATERIAL  AND  METHODS 

Relaxin  made  up  in  normal  saline  was  injected  subcutaneously  twice  daily.  The 
steroids  were  also  injected  subcutaneously  every  day  using  a  concentration  of  20  fig.  of 
estradiol  j)er  ml.  of  oil  and  20  mg.  of  progesterone  per  ml.  of  oil.^  Growth  hormone,  100 
fig.  daily,  ACTH,  1.0  mg.  daily,  and  prolactin,  2.0  mg.  daily  were  injected  in  saline.* 

Rats  of  the  Harvard  colony,  fed  a  basic  diet  of  Rockland  pellets  ad 
libitum,  were  ovariectomized  at  twenty-four  days  of  age.  Injections  of  1.0 
fig.  estradiol  daily  were  begun  four  days  later,  and  continued  for  twelve 
days.  Some  rats  were  also  thyroidectomized  at  the  time  of  ovariectomy, 
while  others  were  hypophysectomized  or  adrenalectomized  at  the  end  of 
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the  estrogen  priming  period.  Hypophysectomized  rats  were  fed  5%  glucose 
in  their  drinking  water;  adrenalectomized  rats  were  maintained  on  1%  glu¬ 
cose  and  1%  NaCl  in  their  drinking  water.  All  groups  were  further  sub¬ 
divided  and  injected  with  LO^g.  estradiol,  1.0  mg.  progesterone  and  re- 
laxin,  alone  and  in  various  combinations  for  7,  12,  or  18  days. 

Two  sets  of  experiments  on  mature  rats  were  also  undertaken  in  order 
to  compare  their  responses  to  those  of  immature  rats,  and  to  study  the  ef¬ 
fects  of  the  length  of  castration  on  response  to  the  steroids  and  relaxin.  In 
the  first  series,  animals  were  ovariectomized  at  24  days  of  age,  and  used  at 
four  months  of  age  or  castrated  at  4  months  of  age  and  used  immediately. 
Both  groups  were  pretreated  with  estrogen,  and  one  animal  in  each  group 
was  killed  at  the  end  of  pretreatment.  The  remaining  animals  were  con¬ 
tinued  on  the  same  combination  of  hormones  as  for  the  immature  rats.  In 
the  second  series  of  experiments  animals  were  ovariectomized  at  three 
months  of  age,  and  injected  either  with  estrogen  alone  or  with  estrogen  and 
higher  doses  of  progesterone  (3  to  5  mg.  daily)  or  with  the  combination  of 
estrogen  (1  jLig-)>  progesterone  (1  mg.)  and  relaxin  (180  to  270  g.p.u.)  daily. 
The  response  of  the  mammary  glands  of  these  older  animals  was  compared 
with  that  of  immature  rats  treated  similarly. 

Animals  were  killed  by  a  blow  on  the  head,  the  abdominal-inguinal  mam¬ 
mary  glands  were  removed,  spread  in  a  Petri  dish  and  fixed  for  two  to 
three  hours  in  Bouin’s  fluid.  The  area  of  the  glands  could  then  be  clearly 
visualized  under  a  dissecting  microscope  and  traced  onto  thin  sheets  of 
paper  affixed  to  the  back  of  the  dish.  Areas  were  determined  from  these 
tracings  with  a  planimeter.  The  glands  were  weighed  on  a  triple-beam  bal¬ 
ance  after  trimming  off  the  peripheral  fat  and  connective  tissue.  Details  of 
mammary  gland  structure  were  studied  from  both  whole  mounts  and  sec¬ 
tions.  Lobulo-alveolar  response  of  the  mammary  glands  w'as  rated  for  each 
whole  mount  from  1  to  4  on  an  arbitrary  scale,  and  the  average  degree  of 
response  for  a  group  was  calculated  as  the  average  of  the  sum  of  individual 
responses.  The  percentage  or  number  of  animals  showing  positive  responses 
was  also  recorded,  counting  a  borderline  response  as  one  half. 

Histochemical  tests  were  also  run  on  the  mammary  tissues.  Alkaline 
phosphatases  were  determined  by  the  method  of  Gomori  (1939).  Chemical 
estimations  of  the  enzyme  were  made  on  w  ater  extracts  of  weighed  portions 
of  mammary  gland,  using  the  method  of  King  and  Armstrong  (1934).  Nu¬ 
cleic  acids  were  localized  by  methyl-green,  pyronin  staining  and  by  the 
Felugen  reaction.  The  basophilia  due  to  ribonucleic  acid  was  confirmed  by 
pretreatment  of  the  sections  with  ribonculease  or  by  extraction  with  10% 
perchloric  acid  in  the  cold.  Metachromatic  reactions  were  tested  by  tolui- 
din  blue  staining  after  fixation  in  basic  lead  acetate-formalin.  The  presence 
of  reticulin  and  collagen  was  demonstrated  by  ammoniacal  silver  impregna- 
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tion  of  the  reticulin  followed  by  counterstaining  with  Mallory’s  triple  stain 
after  fixation  of  the  tissue  in  Rossman’s  fluid.  Lipids  were  colored  with 
Sudan  black  B  after  fixation  in  formol-calcium. 

Some  of  the  rats  injected  with  the  steroids  and  relaxin  were  not  killed, 
but  were  used  in  a  study  of  secretory  changes.  The  day  following  the  last 
injections  of  the  sex  hormones,  a  biopsy  of  mammary  tissue  was  obtained 
by  making  a  small  incision  in  the  skin  just  medial  to  the  ventral  periphery 
of  the  abdominal-inguinal  glands,  and  removing  a  small  wedge  of  the  mam¬ 
mary  tissue  for  fixation.  After  the  first  biopsy  was  taken,  a  single  injection 
of  prolactin  (2  mg.)  was  made  subcutaneously  into  the  back  of  the  neck  and 
subsequent  biopsies  of  the  same  gland  were  performed  every  day  for  four 
days.  The  amount  of  lipid  colored  by  Sudan  black  was  used  as  an  indica¬ 
tion  of  secretion. 


RESULTS 

Several  crude  and  purified  extracts  of  relaxin  induced  lobulo-alveolar 
growth  in  rats  simultaneously  receiving  1.0  yg.  estradiol  and  1.0  mg.  pro¬ 
gesterone  daily.  The  steroid  combination  without  relaxin  induced  little  or 
no  lobulo-alveolar  growth  in  the.se  dosages.  The  length  of  treatment  with 
the  steroids  and  relaxin  had  no  influence  on  the  percentage  of  animals 
showing  positive  lobulo-alveolar  responses.  However,  the  greatest  degree 
of  lobulation  was  attained  after  twelve  or  eighteen  days  treatment,  and, 
although  individual  respon.ses  varied  from  one  to  four,  the  group  response 
was  approximately  the  .same  in  different  experiments  whether  crude  or 
pruified  extracts  were  employed.  One  relaxin  preparation  may  have  also 
aided  in  the  promotion  of  ductal  growth  since  several  glands  showed  strik¬ 
ingly  greater  areas  and  very  large  club-shaped  end  buds,  in  addition  to 
the  lobulation. 

Injection  of  relaxin  concentrated  from  pregnant  rabbit  serum  (PRS)® 
was  also  effective.  The  response  was  variable  but  positive  in  four  rats.  The 
concentrate  contained  only  0.5  g.p.u.  per  mg.,  making  it  necesssary  to  in¬ 
ject  50  mg.  of  material  daily  in  order  to  deliver  a  dose  of  25  g.p.u.  There  is 
no  doubt  that  many  contaminants  were  present  in  this  crude  preparation. 
However,  prolactin  was  probably  not  present  in  appreciable  quantities 
since,  histologically,  there  was  no  evidence  of  secretion  or  of  distension  of 
the  alveolar  lumina  in  the  mammary  glands. 

The  action  of  one  of  the  crude  relaxin  preparations  was  studied  in  further 
detail.  Preparation  P-46-2,  15  g.p.u.  mg.,  was  injected  with  1.0  Mg-  es¬ 
tradiol  or  1.0  mg.  progesterone  alone,  or  with  the  combination  of  the  two 
steroids  for  twelve  days  (Table  1).  Estradiol  alone  or  estradiol  and  pro- 
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Table  1.  Action  of  crude  belaxin'  in  combination 

WITH  steroids  on  MAMMARY  GROWTH 


Group — daily 
treatment 

No.  of 
rats 

Average  body 
weight  (gm.) 

Area 

(cm.*) 

Mammary  gland 
lobulation 

Gain 

At 

autopsy 

Number  of 
positive 
responses 

Average 
degree 
per  group 

Estradiol,  1.0  ng. 

3 

27 

132 

6.5+0.61 

■  1 

0.3 

Estradiol,  1.0  ng. 
Relaxin,  6  mg. 

2 

29 

135 

8.2 

2 

2. 0-3.0 

Estradiol,  1.0  fig. 
Progesterone,  1.0  mg. 

2 

20 

128 

6.5 

0 

— 

Progesterone,  1.0  mg. 
Relaxin,  6  mg. 

2 

41 

142 

7.2 

1 

0.5 

Estradiol,  1.0  Mg- 
Progesterone,  1.0  mg. 
Relaxin: 


3  mg. 

4 

26 

144 

5.7±0.48 

4 

2.5 

6  mg. 

4 

27 

145 

6.210.29 

4 

1.8-2. 5 

12  mg. 

4 

30 

146 

7.1  ±0.83 

3 

2.0-2.75 

Uninjected  Controls 

3 

50 

170 

4.3+0.21 

0 

— 

‘  A  saline  extract  of  whole  ovary  residue  assaying  15  G.p.u./mg. 


gesterone  gave  only  negligible  lobulo-alveolar  development.  Furthermore, 
it  should  be  noted  that  estradiol  and  relaxin  elicited  good  lobulation,  while 
progesterone  and  relaxin  were  only  slightly  effective.  All  doses  of  relaxin, 
injected  simultaneously  with  estradiol  and  progesterone,  led  to  good  al¬ 
veolar  growth  in  thirteen  of  fourteen  rats.  The  degree  of  lobulation  was 
roughly  comparable  to  that  seen  during  mid-pregancy.  There  was  also  some 
indication  that  the  addition  of  relaxin  may  have  led  to  an  increase  in  area 
of  the  mammary  gland,  indicative  of  ductal  growth,  but  the  differences 
were  not  striking. 

Two  highly  purified  preparations  also  elicited  mammary  lobulo-alveolar 
growth  when  injected  with  either  estradiol  or  estradiol  and ‘progesterone 
(Table  2,  Plate  I). There  was  no  difference  in  mammary  area  between  groups 
treated  with  relaxin  and  the  steroids  and  those  receiving  the  steroids  alone. 
Even  though  one  rat  in  group  5  was  sick  at  the  termination  of  the  experi¬ 
ment  and  had  lost  weight,  its  mammary  glands  showed  excellent  lobulation. 
In  these  experiments,  as  in  others,  the  relaxin  preparation  did  not  influence 
the  depression  in  body  weight  always  seen  during  treatment  with  estrogen 
and  progesterone. 

Thus,  either  crude  or  purified  extracts  of  relaxin  elicited  comparable 
lobulo-alveolar  growth,  but  showed  no  consistent  effect  on  ductal  growth 
when  given  with  non-lobulating  doses  of  estradiol  and  progesterone.  How¬ 
ever,  neither  this  combination  of  steroids  and  relaxin,  nor  com- 
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bination  of  estradiol  and  progesterone  (5  mg.  daily)  sufficient  to  induce  lob¬ 
ulation  in  the  castrated  rat,  caused  mammary  growth  in  rats  hypophysec- 
tomized  after  the  estrogen-priming  period.  After  twelve  days’  treatment  the 
glands  were  found  to  have  undergone  atrophy  and  were  reduced  to  thin, 
bare  ducts.  If  only  a  small  fragment  of  the  hypophysis  remained,  good  duct 
and  alveolar  growth  usually  ensued.  The  concurrent  injection  of  prolactin 
or  of  growth  hormone  following  hypophysectomy  often  led  to  some  res¬ 
toration  of  duct  and  alveolar  response  to  the  ovarian  hormones  and  re- 
laxin.  However,  this  was  not  true  for  the  adrenocorticotropic  hormone. 

In  order  to  test  whether  hypophysectomy  might  produce  some  of  its 
effects  through  inanition,  a  group  of  normal  rats  injected  with  the  same 
combinations  of  hormones  were  put  on  a  restricted  food  intake  of  3  gm. 
per  rat  daily.  The  mammary  glands  of  animals  subjected  to  such  treat¬ 
ment  exhibited  an  entirely  different  appearance  from  those  of  hypophy- 
sectomized  rats.  Although  the  mammary  area  was  strikingly  reduced, 
lobulo-alveolar  growth  in  response  to  the  ovarian  hormones  and  relaxin  was 
unaffected  by  this  acute  regimen,  which  led  to  the  death  of  50%  of  the  an¬ 
imals. 

Thyroidectomized  rats  injected  with  estradiol,  progesterone,  and  relaxin 
showed  mammary  glands  with  considerably  greater  lobulo-alveolar  growth 
and  slightly  greater  mammary  areas  than  in  the  non-thjToidectomized  con¬ 
trols  treated  with  the  same  combination  of  hormones.  However,  the  in¬ 
crease  in  lobulo-alveolar  growth  after  thyroidectomy  is  not  specifically  re¬ 
lated  to  relaxin  action,  since  thyroidectomized  rats  injected  with  estradiol 
and  progesterone,  or  even  with  the  estrogen  alone,  had  mammary  glands 
with  nearly  maximal  lobulation.  Thus,  the  differences  in  lobulation  be- 


Table  2. 

Comparison  of  the  action 

RELAXIN  ON  MAMMARY 

OF  PURIFIED  PREPARATIONS 

r.LAND  GROWTH 

OF 

Average  body 

weight  (gm.) 

Mammary  gland 

Group — daily 
treatment 

No.  of 
rats 

Weight 

((?m.) 

Lobulation 

Gain 

At  autopsy 

(cm.*) 

% 

Average 

degree 

1)  Estradiol.  1.0  mK* 

3 

30 ±  1.7 

138 ±  2.6 

1.07±  .069 

8.1  ±0.22 

.50 

1 

2)  Estradiol,  1.0  mK- 
CH  31-95,  0.67  ml.> 

3 

32 ±  1.5 

141+  2.7 

0.92 ±  .0.38 

9.1  ±0.72 

100 

2  3 

3)  Estradiol,  1.0  mR. 
Rx-S-1,  20  nig.* 

3 

;i3±  3.5 

135±  7.1 

0.78±  .090 

8. 6  ±1.35 

100 

2-3 

4)  Estradiol,  1.0^. 
Progesterone,  1.0  nig. 

3 

.30±  0.4 

143±  3.9 

0.78±  .018 

8.6±0.26 

50 

1 

5)  Estradiol,  1.0  m8- 
Progesterone,  1.0  mg. 
CH  31-95,  0.67  ml. 

3 

19±I1.5 

133±12.2 

0.75±  .096 

9.2±0.19 

67 

2-3 

6)  Estradiol,  1.0 /.g. 
Progesterone,  1.0  mg. 
Rx-S-1,  2.0  mg. 

3 

0.85±  .058 

8.6±0.19 

100 

2 

•  CH  31-95,  obtained  from  the  Chilcott  Laboratories,  and  eontaining  300  a.p.u./ml.  by  our  assay. 

*  Rx-S-1,  prepared  from  pregnant  sow  ovaries  by  the  saline  extraction-ethanol  fractionation  method  of  Frieden 
and  Hisaw  (1950),  assaying  50  o.p.u./mg. 
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tween  mammary  glands  of  castrated  rats  treated  with  the  combination  of 
estradiol,  progesterone,  and  relaxin,  or  with  the  steroids  alone,  was  no  long¬ 
er  apparent  in  the  castrated,  thyroidectomized  rat. 

On  the  other  hand,  adrenalectomized  rats  injected  with  estradiol,  pro¬ 
gesterone,  and  relaxin  had  mammary  glands  which  showed  unaltered  lob- 
ulo-alveolar  growth,  but  were  reduced  in  both  area  and  weight.  Average 
body  weight  was  also  considerably  decreased  in  the.se  animals,  but  the  in¬ 
jection  of  DCA  (0.5  mg.  daily)  restored  normal  rate  of  body  growth  and 
the  ability  of  the  mammary  glands  to  respond  to  treatment  v\dth  the  ovarian 
hormones  and  relaxin,  as  in  the  castrated  animal  with  intact  adrenals. 

Duration  of  castration  had  a  slight  effect  on  mammarj^  gland  respon.se  of 
the  mature  rat  to  estrogen  priming  and  no  effect  on  response  to  the  com¬ 
bination  of  estradiol,  progesterone,  and  relaxin.  The  re.sponse  after  seven 
or  twelve  days  treatment  was  le.ss  in  the  mature  than  in  the  immature  rat, 
even  though  the  daily  dose  of  relaxin  was  increased  to  270  g.p.u.  (Table  6). 
.After  eighteen  days  treatment,  however,  the  re.sponse  of  the  mammary 
glands  of  the  mature  rat  became  equal  to  that  of  the  immature  rat.  The 
response  of  the  older  rat  was  similar  to  that  of  the  immature  animal,  in 
that  there  was  no  lobulo-alveolar  growth  with  1.0  mK-  estradiol  and  1.0  mg. 
progesterone  daily,  but  positive  responses  were  seen  when  the  dose  of  pro¬ 
gesterone  was  raised  to  3  to  5  gm.  daily. 

Mammary  glands  with  comparable  development  showed  similar  histo- 
chemical  patterns  whether  the  growth  was  induced  by  estradiol,  progester¬ 
one  and  relaxin  or  by  estradiol  and  progesterone  without  relaxin.  Alkaline 
pho.sphata.se  reactions  were  limited  almost  entirely  to  the  parenchymal 
elements.  Variations  in  degree  of  the  reaction  could  not  be  correlated  with 
either  the  nature  or  intensitj'  of  hormonal  stimulation.  Chemically,  total 
activity  was  increased  2  or  3-fold  in  glands  showing  alveolar  growth, 
whether  induced  by  pregnancy,  or  by  the  steroid-relaxin  combinations. 

The  cytoplasm  of  ducts  and  alveolar  cells  when  stained  with  a  modified 
Unna-Pappenheim  mixture,  showed  pyronin-staining  materials,  which  were 

Explan.\tion  of  Plate  I 

Rats  were  ovariectomized  at  twenty-four  days  of  age,  allowed  three  days  postopera¬ 
tive  recovery,  and  injected  with  1.0 /xg.  estradiol  daily  for  twelve  days.  They  were  then 
treated  with  the  following  daily  dosages  for  another  twelve  days,  and  autopsied  the  day 
following  the  last  injections.  All  figures  X4.5. 

Fig.  1.  1.0  Mg-  estradiol. 

Fig.  2.  1.0  jag.  estradiol  and  200  g.p.u.  CH  31-95. 

Fig.  3.  1 .0 /xg.  estradiol  and  100  g.p.u.  Rx-Sl. 

Fig.  4.  1.0  ;xg.  estradiol  and  1.0  mg.  progesterone. 

Fig.  5.  1.0  |xg.  estradiol,  1.0  mg.  progesterone,  and  200  g.p.u.  CH  31-95. 

Fig.  6.  1.0 /ag.  estradiol,  1.0  mg.  progesterone,  and  100  g.p.u.  Rx-Sl. 
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Platk  II.  Tlie  Induction  of  Secretorj'  Changes  in  the  Kxperimentjilly 
developed  Mammary  Gland. 
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Table  3.  The  influence  of  aoe  on  mammary  gland  reactivity  to  relaxin 


.\lveolar  response  of 

Alveolar  response 

■  of 

Daily  dose 

immature 

rat 

mature  rat 

of  relaxin 

Number 

Number 

Average 

Number 

Number 

Average 

of  rats 

responding 

degree 

of  rats 

responding 

degree 

7  days  of 
injections 

90  G.p.u. 

2 

2 

1.5 

2 

0 

— 

12  days  of 
injections 

45  G.p.u. 

4 

4 

2.5 

90 

4 

4 

1 .75-2.5 

2 

0 

— 

180 

3 

2.5 

2.0  -2.75 

3 

2 

1. 6-2.0 

270 

3 

2 

1. 3-2.0 

18  days  of 
injections 

90  G.p.u. 

4 

3 

2.5 

2 

2 

2. 5-3. 5 

granular  in  appearance  and  extractable  with  cold  10%  perchloric  acid  or 
1%  ribonuclease.  Methyl  green  stained  only  a  fine  network  in  the  nucleus, 
interspersed  with  pj  ronin-reacting  substances,  and  the  nucleoli  stood  out 
as  bright  rose-colored  granules. 

Metachromatic  reactions  for  the  ground  substance,  or  argyrophilic  re¬ 
actions  for  reticulin,  followed  by  counterstaining  with  Mallory’s  triple  stain, 
did  not  reveal  any  striking  differences  between  connective  tissue  of  mam¬ 
mary  glands  from  animals  receiving  estrogen,  progesterone,  and  relaxin 
and  those  receiving  the  steroids  alone. 

After  hormonal  treatment  mamary  glands  showed  heavy  concentrations 
of  sudanophilic  material  in  the  alveolar  epithelium  and  the  amount  of  lipid 
was  related  to  the  degree  of  lobulo-alveolar  development  (Plate  II,  Fig. 
1).  Rats  treated  with  estradiol  alone  had  mammary  glands  composed  main¬ 
ly  of  ducts  and  buds,  and  these  epithelia  were  relatively  devoid  of  sudan¬ 
ophilic  material.  Glands  of  rats  trested  with  combinations  of  e.stradiol,  pro¬ 
gesterone,  and  relaxin  or  with  estradiol  and  progesterone  effective  in  pro¬ 
ducing  lobulo-alv'eolar  growth  were  alike  with  respect  to  the  .sudanophilic 
reaction  and  also  in  their  response  to  prolactin.  Twenty-four  hours  after  a 


Explanation  of  Plate  II 

Rat  ovariectomized,  treated  with  1.0 /xg.  estradiol  for  twelve  days,  then  with  a  com¬ 
bination  of  estradiol,  progesterone,  and  relaxin  for  another  twelve  days. 

Fig.  1.  Section  of  biopsy  1,  taken  12  hours  after  the  last  injection  of  relaxin.  The 
epithelial  cells  of  the  alveoli  are  packed  with  lipid  droplets.  One  subcutaneous  injection 
of  prolactin  was  made  at  this  time.  X170. 

Fig.  2.  Section  of  biop.sy  2,  taken  24  hours  after  the  injection  of  prolactin.  The 
alveolar  lumina  are  distended  with  .secretory  droplets,  the  ejiithelial  cells  are  flattened 
and  partially  depleted  of  lipid.  XI 70. 
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single  injection  of  prolactin,  the  alveoli  showed  evidences  of  secretion  char¬ 
acterized  by  depletion  and  coalescence  of  sudanophilic  material  in  the  ep¬ 
ithelium,  droplets  protruding  into  the  lumina,  and  distention  of  the  lumina 
with  secretorj"  products.  At  48  hours,  epithelial  depletion  had  progressed, 
and  fewer  secretory  droplets  were  present  in  the  limina  which  were  already 
contracting  in  size,  and  by  72  hours,  the  epithelium  was  depleted  and  the 
lumina  were  small  and  devoid  of  secretory  material. 

In  rats  injected  with  the  ovarian  hormones  and  relaxin,  but  given  no 
prolactin,  a  progressive  decrea.se  in  lipid  of  the  alveolar  epithelium  occur¬ 
red  without  any  coalescence,  secretion,  or  distention  of  the  lumina.  Sim¬ 
ilarly,  rats  treated  with  the  same  combinations  of  ovarian  hormones,  then 
adrenalectomized  at  the  time  of  the  initial  biopsy  and  injected  with  pro- 
laction,  showed  a  progressive  depletion  of  sudanophilic  material  in  the  al¬ 
veolar  epithelium  without  evidence  of  secretion. 

Ductal  and  end-bud  epithelia  showed  no  change  from  an  initial  light 
coloring  of  sudanophilic  material  after  injection  of  prolactin.  Although  a 
few  droplets  were  pre.sent  in  the  ductal  lumina,  these  were  probably  tran.s- 
ported  from  the  alveoli  and  there  was  no  evidence  of  secretion  from  the 
ducts  them.selves. 


DISCUSSION 

Estradiol  alone  or  combinations  of  estradiol  and  progesterone  which  do 
not  produce  lobulation  of  the  mammary  glands  of  ovariectomized  rats,  will 
do  so  when  ovarian  extracts  containing  relaxin  are  added  to  the  treatment. 
However,  the  negative  response  to  progesterone  alone  is  not  modified  by 
relaxin.  The  degree  of  lobulo-alveolar  development  in  rats  treated  with 
combinations  of  estradiol,  progesterone,  and  relaxin,  though  variable,  is 
comparable  to  that  seen  between  the  tenth  and  twentieth  day  of  pregnan¬ 
cy,  and  the  growth  elicited  by  these  combinations  was  indistinguishable 
histologically  and  histochemicallj'  from  that  obtained  with  the  estrogen 
and  a  higher  dose  of  progesterone  without  the  relaxin. 

Whether  the  lobulating  activity  of  these  extracts  is  du^  to  relaxin  or 
some  other  factor  in  the  preparation  has  not  been  answered  conclusively  by 
these  experiments.  Nevertheless,  the  ability  of  either  a  purified  or  crude 
preparation  to  induce  a  lobular  response  is  related  to  relaxin  content,  sug¬ 
gesting  that  it  is  the  responsible  agent. 

The  reason  that  the  mammary  glands  of  mature  rats  were  less  responsive 
to  the  action  of  relaxin  than  those  of  immature  rats  is  obscure.  This  may 
be  related  to  the  action  of  relaxin  on  the  connective  tissue  elements,  al¬ 
though  no  histochemical  differences  could  be  detected  between  the  con¬ 
nective  tissue  stroma  of  mammary  glands  of  immature  and  mature  experi¬ 
mental  animals. 

It  does  not  appear  that  alkaline  phosphatase  exerts  a  limiting  or  con- 
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trolling  action  in  the  growth  of  the  parenchymal  tissue.  Certainly  there  was 
no  parallelism  between  phosphatase  concentration  in  individual  cells  and 
growth  of  these  elements.  The  total  amount  of  enzyme  present,  as  shown 
by  chemical  assay,  did  increase  with  the  amount  of  parenchymal  tissue 
formed,  and  is  therefore  a  fairly  accurate  index  of  the  amount  of  that  tissue 
in  the  gland. 

Hypophysectomized  rats  given  estradiol,  progesterone,  and  relaxin  show 
no  ductal  or  alveolar  development  of  the  mammary  glands.  These  findings 
are  in  agreement  with  those  of  Reece  et  al.  (1936)  and  of  Leonard  and  Reece 
(1942)  who  used  only  the  steroids.  However,  when  the  steroids  were  sup¬ 
plemented  with  pituitary  growth  hormone  or  prolactin  in  our  experiments, 
the  response  of  the  mammary  glands  was  similar  to  that  of  non-hypophy- 
sectomized  animals.  It  is  also  of  interest  that  adrenocorticotrophic  hor¬ 
mone  is  not  able  to  restore  the  responsiveness  of  the  mammary  glands  of 
the  hypophj’sectomized  animal. 

Retardation  of  body  growth  as  a  consequence  of  hypophysectomy  does 
not  seem  to  be  responsible  for  the  failure  of  mammary  gland  growth  under 
these  conditions.  When  the  ovarian  hormones  and  relaxin  are  given  to 
young  castrated  rats  whose  normal  body  growth  has  been  prevented  by 
restricting  the  diet  only  ductal  growth  is  inhibited.  This  indicates  that  the 
effects  of  hypophysectomy  on  the  response  of  the  mammary  gland  are  due 
to  the  removal  of  specific  pituitary  hormones. 

Neither  adrenalectomy  nor  thyroidectomy  interferes  with  the  growth  of 
the  alveolar  elements  induced  by  steroid-relaxin  combinations.  In  fact,  the 
presence  of  the  thyroid  seems  to  exert  an  inhibitory  action  on  lobulo-al- 
veolar  growth,  a  phenomenon  first  noted  by  Leonard  and  Reece  (1941). 
When  this  influence  is  removed  doses  of  estrogen,  or  of  estrogen  and  pro¬ 
gesterone,  which  elicit  little  or  no  lobulation  in  rats  with  intact  thyroids, 
produce  marked  lobulation. 

Alveoli  of  the  mammary  gland  developed  by  estradiol,  progesterone,  and 
relaxin  are  capable  of  secretion  after  the  injection  of  prolactin  as  revealed 
by  staining  of  lipid  droplets.  However,  no  spontaneous  secretion  was  ob¬ 
served  after  the  termination  of  sex  hormone  injections,  and  glands  in  which 
only  ductal  development  occurs  do  not  show  evidences  of  secretion.  There¬ 
fore,  ductal  secretion,  if  it  occurs  at  all  in  the  rat,  must  be  a  minor  com¬ 
ponent  of  lactational  secretion  in  this  species. 

Relaxin  also  has  been  shown  to  influence  mammary  growth  in  other 
species  of  laboratory  animals.  Trentin  (1951)  has  shown  that  relaxin  may 
slightly  increase  the  percentage  of  mice  showing  lobulo-alveolar  responses  to 
simultaneously  administered  estrogen  and  progesterone.  Likewise,  Garrett 
and  Talmage  (1952)  have  found  that  it  “potentiates”  the  action  of  estrogen 
on  the  alveolar  system  of  the  guinea  pig,  and  causes  increased  arborescence 
of  the  mammary  duct  system  of  the  rabbit.  These  reports  and  the  results 
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of  the  present  experiments  show  that  relaxin  preparations  can  influence 
lobulo-alveolar  growth  of  the  mammary  gland  in  several  species  of  labo¬ 
ratory  animals,  but  there  is  insufficient  evidence  at  present  to  conclude  that 
they  may  also  affect  ductal  growth. 

SUMMARY 

Relaxin  extracts  given  in  combination  with  estradiol*  or  a  combination 
of  estradiol  and  progesterone  which  did  not  elicit  any  lobulo-alveolar  growth 
by  itself,  caused  marked  lobulo-alveolar  growth  of  the  mammary  gland  of 
the  immature,  ovariectomized  rat.  Purified  preparations  gave  as  good  re¬ 
sponses  as  crude  preparations,  and  glands  showed  an  identical  appearance 
histologically  and  histochemically  with  glands  developed  by  estradiol  and  a 
higher  dose  of  progesterone  without  relaxin.  The  mammary  glands  of  mature 
rats  were  considerably  less  responsive  to  relaxin  than  those  of  immature 
rats. 

Mammary  glands  of  hypophysectomized  rats  showed  negative  ductal 
and  lobular  responses  to  relaxin-steroid  combinations,  while  those  of  ad- 
renalectomized  rats  showed  only  a  reduction  in  total  area.  Mammary  gland 
area  of  adrenalectomized  rats  was  restored  by  simultaneous  injection  of 
DCA,  in  doses  which  produced  no  mammary  growth  alone.  An  intensely 
positive  response  was  noted  in  thyroidectomized  rats  injected  with  relaxin, 
progesterone,  and  estradiol.  However,  this  effect  can  be  accounted  for  al¬ 
most  entirely  by  an  increased  response  to  estrogen  alone. 

The  alveolar  structures  developed  by  steroid-relaxin  combinations  show 
evidences  of  secretion  after  a  single  injection  of  prolactin.  There  was  no 
evidence  of  spontaneous  secretion  after  the  cessation  of  sex  hormone  in¬ 
jection,  or  of  ductal  secretion.  Adrenalectomy  interfered  with  the  response 
to  prolactin. 
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A  CRITICAL  ANALYSIS  OF  THE  EOSINOPHILE  RE¬ 
SPONSE  IN  RATS  TO  ACTH  AND  CORTISONE^ 

MARY  E.  DUMM  and  ELAINE  P.  RALLI 

Department  of  Medicine,  New  York  University  College  of  Medicine  and  New  York 
Univcrsity-Bellevue  Medical  Center,  New  York  City,  New  York 

A  SUPPRESSION  of  the  typical  lymphopenic  response  to  swimming  and 
to  ACTH  in  rats  on  pantothenate  deficient  diets  has  been  reported 
from  this  laboratory  (Dumm  et  al.,  1949;  Ralli,  1950;  Dumm  and  Ralli, 
1953).  The  observations  have  been  confirmed  by  Winters  et  al.  (1952)  who 
found  that  both  the  eosinophile  and  lymphocyte  responses  to  ACTH  and 
to  epinephrine  were  diminished  in  the  pantothenate  deficient  rat.  They  also 
observed  that  the  lymphocyte  and  eosinophile  counts  responded  normally 
to  the  injection  of  cortisone  in  the  deficient  rat. 

The  present  report  is  concerned  with  the  effects  of  ACTH  and  cortisone 
on  the  eosinophile  counts  of  intact  and  adrenalectomized  rats  fed  large 
amounts  of  pantothenate  following  a  period  of  deficiency. 

PROCEDURE 

Experimental  Animals 

Young  rats  of  the  Long-Ev'ans  strain,  30  to  35  days  of  age,  were  placed  on 
a  diet  deficient  in  pantothenic  acid,  but  otherwise  adequate,  for  30  days 
and  were  then  adrenalectomized.  One  group  of  rats  was  continued  on  the 
pantothenate  deficient  diet  after  adrenalectomy.  In  the  other  groups  the 
diet  was  supplemented  with  40  mg.  of  pantothenate  per  100  gm.  of  diet.  The 
rats  consumed  10  to  15  gm.  of  the  diet  daily.  Intact  rats  were  subjected  to 
the  same  dietary  regime.  As  controls,  a  group  of  rats  of  the  same  age,  never 
subjected  to  any  dietary  deficiency  and  kept  on  an  adequate  diet,  were 
also  studied  before  and  after  adrenalectomy. 

The  response  of  the  eosinophiles  to  the  injection  of  ACTH  or  cortisone 
was  studied  4  daj's  after  adrenalectomy  in  the  rats  continued  on  the  panto¬ 
thenate  deficient  diet,  and  7  and  20  days  after  adrenalectomy  in  rats  trans¬ 
ferred  to  the  high  pantothenate  diet.  All  rats  received  1%  NaCl  as  drinking 
water.  The  completeness  of  adrenalectomy  was  established  by  withdrawal 
of  salt.  Results  obtained  on  any  animal  which  survived  salt  withdrawal 
were  excluded. 


Received  for  publication  June  29,  1953. 

'  This  research  was  aided  by  a  grant  from  the  Josiah  Macy  Jr.  Foundation. 
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Blood  Counts 

The  eosinophiles  were  counted  before  and  2,  4  and  6  hours  after  the  in¬ 
jection  of  either  ACTH  or  cortisone.  Freely  flowing  tail  blood  was  used  for 
the  blood  samples.  The  eosinophiles  were  stained  by  the  procedure  recom¬ 
mended  by  Speirs  and  Meyer  (1949)  and  counted  by  a  direct  chamber  meth¬ 
od. 

Injected  Material 

A  preparation  of  ACTII^  with  a  potency  of  l.G  times  the  Armour  LA-l-A 
standard  was  dissolved  at  a  concentration  of  4  units/ml.  in  0.01  M  acetic 
acid,  giving  a  solution  of  pH  4.  The  rats  were  injected  intraperitoneally 
with  2  units  of  ACTH  per  100  gm.  rat  weight. 

The  cortisone®  was  giv’^en  in  an  aqueous  suspension  containing  4  mg.  of 
cortisone  acetate  per  ml.  The  rats  were  injected  intraperitoneally  with  2 
mg.  of  cortisone  acetate  per  100  gm.  of  rat  weight. 

RESULTS 

Effect  of  Adrenalectomy  on  Initial  Eosinophile  Counts 

The  initial  eosinophile  counts  of  intact  and  adrenalectomized  rats  on 
the  various  diets  studied  are  summarized  in  Tables  1  and  2.  It  is  apparent, 
both  from  the  range  of  values  and  from  the  magnitude  of  the  standard  devia- 


Tabi.e  1.  Influence  of  diet  on  the  resting  level  of  circulating 

EOSINOPHILES  IN  INTACT  RATS 


Diet  history 

Ko.sinophile 

K  per 

cmin. 

Days  on 

Days  on  high 

Number 
of  rats 

deficient 

pantothenate 

•Median 

Mean 

S.D. 

Range 

diet 

diet 

(('ontrol  diet) 

55 

300 

347 

303 

39-1 191 

35 

0 

16 

232 

457 

478 

14-1643 

30 

7 

18 

121 

186 

178 

48-720 

30 

20 

12 

161 

195 

162 

30-665 

0 

20 

5 

179 

197 

- » 

102-259 

tions,  that  the  eosinophile  levels  in  both  intact  and  adrenalectomized  rats 
varied  widely.  This  has  been  reported  by  other  observers  (Hills  et  ai,  1948; 
Recant  et  al.,  1950;  Best  et  al.,  1952;  Tabor  and  Klopp,  1953).  The  dis¬ 
crepancy  between  the  mean  and  the  median  eosinophile  counts,  which  is 
seen  in  many  of  the  groups,  suggests  that  the  values  are  not  normally  dis- 

*  We  are  indebted  to  the  Armour  Laboratories  for  the  ACTH  used  in  these  experi¬ 
ments. 

®  We  are  indebted  to  the  Merck  Laboratories  for  the  cortisone  acetate  used  in  these 
experiments. 
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Table  2.  Influence  ok  diet  on  the  resting  level  of  circulating 

EOSINOPHILES  IN  ADREN ALECTOMIZED  RATS 


Diet  history 


Eosinophiles  per  cmm. 


Days  on 
deficient 
diet 


Days 
on  high 
panto¬ 
thenate 
diet 


Days 

after 

adrenalec¬ 

tomy 


Number 

of 

rats  Median  Mean 


S.D. 


Range 


(Control  diet) 

5-17 

24 

314 

344 

235 

74-940 

(Control  diet) 

10-17 

19 

548 

628 

310 

120-1 182 

35 

0 

4 

20 

178 

180 

125 

41-523 

30  7 

7 

17 

262 

454 

441 

27-1450 

30 

20 

20 

18 

291 

419 

354 

72-1584 

0 

20 

20 

7 

564 

612 

— 

191-1353 

tributed.  This  was  found  to  be  the  case,  as  is  illustrated  in  Figure  lA,  in 
which  the  frequency  distribution  of  the  initial  eosinophile  counts  of  55  in¬ 
tact  and  43  adrenalectomized  rats  on  the  normal  diet  is  presented.  Similar 
data  is  shown  on  a  smaller  number  of  intact  and  adrenalectomized  rats  on 


EOSINOPHILES  PER  CMM 
0  INTACT  tADRX 

Fig.  1.  The  frequency  distribution  of  resting  eosinophile  counts  is  shown  for  55  intact 
and  43  adrenalectomized  rats  on  the  normal  diet  (1  A)  and  for  30  intact  and  35  adrenalec¬ 
tomized  rats  which  received  the  high  pantothenate  diet  for  7  to  20  days  after  a  30  day 
period  of  deficiency  (IB).  The  per  cent  of  the  total  number  of  counts  in  any  group  is 
shown  on  the  ordinate  and  the  eosinophiles  per  cmm.  on  the  abscissa. 
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the  high  pantothenate  diet  (Fig.  IB).  A  marked  skewing  toward  the  lower 
values  was  observed  in  both  groups  of  intact  rats.  After  adrenalectomy, 
the  distribution  of  the  counts  shifted  toward  the  higher  values.  The  change 
in  the  distribution  of  values  after  adrenalectomy  in  the  rats  on  the  normal 
diet  was  found  to  be  highly  significant  by  the  chi-square  test  (P<0.01) 
(Johnson,  1949).  A  similar  change  in  the  distribution  of  eosinophile  counts 
after  adrenalectomy  was  observed  in  the  other  diet  groups.  However,  the 
number  of  rats  was  smaller  and  statistical  evaluation  of  the  significance  of 
the  shift  was  attempted  only  in  the  rats  on  the  normal  diet. 

Response  of  Eosinophiles  to  ACTH 

Changes  in  the  eosinophile  count  4  hours  after  the  injection  of  ACTH  are 
.summarized  in  Figure  2,  in  which  data  on  60  rats  is  presented.  In  order 
that  the  variation  maj'  be  evaluated  directly,  the  per  cent  change  in  the 
eosinophile  count  is  shown  for  each  rat.  The  dietary  status  of  each  group 
of  animals  is  indicated  in  the  figure.  The  decrease  in  the  eosinophile  counts 
of  intact  rats  on  a  normal  diet  4  hours  after  the  injection  of  ACTH  ranged 
from  5  to  80%  of  the  initial  value.  In  the  adrenalectomized  rats  on  the 
normal  diet  there  was  no  significant  change  in  the  number  of  eosinophiles 
in  7  of  the  rats.  In  the  remaining  adrenalectomized  rats  the  eosinophile 
count  increa.sed  in  one  animal  and  decrea.sed  in  4  others.  In  rats  on  the 
pantothenate  deficient  diet  it  was  sometimes  difficult  to  obtain  satisfac¬ 
tory  blood  samples,  particularly  after  the  injection  of  ACTH.  In  the  8  in¬ 
tact  deficient  rats  in  which  studies  were  completed,  the  eosinophile  re¬ 
sponse  ranged  from  an  increase  of  80%  to  a  decrease  of  50%  from  the  in¬ 
itial  values.  In  6  out  of  7  adrenalectomized  rats,  increases  in  the  eosinophile 
counts  occurred  after  the  injection  of  ACTH. 

The  intact  and  adrenalectomized  animals  receiving  the  high  pantothe¬ 
nate  supplement  following  the  period  of  deficiency  \vere  studied  after  7 
or  20  days  on  the  supplement  and  the  same  number  of  days  after  adrenal¬ 
ectomy.  The  response  of  the  intact  rats  w'as  approximately  the  same  as 
that  of  intact  animals  on  the  normal  diet,  ranging  from  a  15  to  an  85% 
decrease  in  the  eosinophile  count  after  4  hours.  In  the  adrenalectomized 
rats  eosinophile  counts  in  3  animals  were  es.sentially  unchanged  4  hours 
after  the  injection  of  ACTH,  and  in  2  rats  they  were  significantly  increased. 
After  20  days  on  the  high  pantothenate  diet,  there  was  a  20  to  65%  de¬ 
crease  in  the  eosinophile  counts  in  intact  rats.  In  the  adrenalectomized  rats 
the  values  ranged  from  a  decrease  of  30%  to  an  increase  of  50%  in  one 
animal. 

In  Figure  3,  the  per  cent  change  in  the  circulating  eosinophiles  4  hours 
after  the  injection  of  cortisone  is  presented  for  74  rats.  In  all  diet  groups  the 
eosinophile  counts  decreased  in  both  intact  and  adrenalectomized  animals 
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to  approximately  the  same  degree.  We  have  no  explanation  for  the  in¬ 
creased  eosinophile  level  observed  in  3  adrenalectomized  rats  on  the  normal 
diet,  after  the  injection  of  cortisone  (Fig.  3A).  After  20  days  on  the  high 
pantothenate  diet  (Fig.  3D),  the  eosinopenia  following  cortisone  was  some¬ 
what  less  marked  than  in  rats  on  a  pantothenate  deficient  diet  (hig.  3B). 
In  contrast  to  the  effects  of  ACTH,  the  injection  of  cortisone  caused  an 
eosinopenia  in  all  the  pantothenate  deficient  rats  (Fig.  3B). 

All  animals  used  in  these  experiments  were  accustomed  to  being  han¬ 
dled.  Even  so,  obtaining  blood  samples  and  injecting  material  intraperi- 
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Fig.  2.  The  per  cent  change  in  the  number  of  circulating  eosinophiles  4  hours  after 
the  injection  of  2  units  of  ACTH  per  100  gm.  bod 3’^  weight  is  shown  for  intact  (o)  and 
adrenalectomized  (•)  rats  on  the  indicated  diet.  Each  point  represents  one  rat. 
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Fig.  3.  The  per  cent  change  in  the  number  of  circulating  eosinophiles  4  hours  after 
the  injection  of  2  mg.  of  cortisone  acetate  per  100  gm.  body  weight  is  shown  for  intact 
(o)  and  adrenalectomized  (#)  rats  on  the  indicated  diet.  Each  point  represents  one  rat. 


toneally  may  be  a.s.sociated  with  both  physical  and  emotional  stress.  There¬ 
fore,  the  effect  of  the  procedures  themselves  on  the  eosinophile  response  was 
determined  in  both  intact  and  adrenalectomized  rats.  The  effect  of  the  pro¬ 
cedure  on  the  eosinophile  count,  with  and  without  an  intraperitoneal  in¬ 
jection  of  0.5  c.c  per  100  gm.  of  body  weight,  of  0.01  ]M  acetate  adjusted  to 
pH  3.5  is  given  in  Figure  4.  Obtaining  blood  samples  without  any  injection 
caused  changes  in  the  eosinophile  count  ranging  from  —55  to  -1-85%,  in 
the  intact  rats.  In  the  adrenalectomized  rats  the  changes  in  the  eosinophile 
counts  varied  from  a  decrease  of  —60%  to  an  increase  of  -}-320%.  When 
0.01  jVI  acetate  was  injected  (the  solvent  in  which  the  ACTH  was  dis¬ 
solved),  changes  in  the  eosinophile  counts  in  intact  rats  ranged  from  -1-48% 
to  —22%.  In  adrenalectomized  rats  the  injection  of  acetate  was  associated 
with  changes  in  the  eosinophile  counts  ranging  from  0  to  +55%.  In  con¬ 
firmation  of  results  reported  by  others  (Sawyer  and  Parkerson,  1953),  the 
injection  of  Nembutal  was  not  found  to  be  of  value  in  stabilizing  the  eosino¬ 
phile  counts. 

DISCUSSION 

The  wide  variation  observed  in  the  number  of  eosinophiles  in  the  rats 
prior  to  experimental  procedures  is  similar  to  the  re.sults  reported  by  other 
observers  in  this  and  other  species.  It  has  been  reported  that  while  adrenal 
insufficiency  is  often  associated  with  high  eosinophile  counts,  the  variation 
is  so  great  that  differences  may  not  be  statistically  significant  (Recant  et 
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al.,  1950).  The  present  data  suggest  that  the  eosinophile  levels  are  signifi¬ 
cantly  higher  in  adrenalectomized  than  in  intact  rats.  However,  this  was 
only  demonstrated  by  statistical  methods  which  allowed  for  the  skewed  fre¬ 
quency  distribution. 

In  each  dietary  group,  there  is  an  overlap  between  the  results  in  intact 
and  adrenalectomized  rats  following  the  injection  of  ACTH  (Fig.  2).  The 

FOUR  HOUR  RESPONSE  OF  EOSINOPHILES 


IN  CONTROL  RATS 
NO  INJECTION  0.01  M  ACETIC 


0  IMTACT 


Fig.  4.  The  per  cent  change  in  the  number  of  circulating  eosinophiles  is  shown  for 
intact  (o)  and  adrenalectomized  (#)  rats  4  hours  after  taking  a  blood  sample  from  the 
tail  with  no  injection,  and  4  hours  after  taking  a  blood  sample  and  injecting  a  rat  in- 
traperitoneally  with  0.5  cc.  of  0.01  M  acetate  per  100  gm.  body  weight.  Each  point  repre¬ 
sents  one  rat. 
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variation  in  response  may  be  partly  due  to  the  effect  of  the  experimental 
procedures  on  the  number  of  eosinophiles,  as  illustrated  in  Figure  4,  and 
also  to  impurities  of  the  ACTH  preparation.  An  additional  cause  of  varia¬ 
tion  in  the  number  of  eosinophiles  is  the  counting  procedures  themselves, 
the  errors  of  which  have  been  reviewed  by  others  (Berkson  etal.,  1940;  Best 
et  al.,  1952). 

The  data  presented  (Fig.  2)  tend  to  confirm  the  observations  of  Winters 
et  al.,  (1952)  that  pantothenate  deficiency'  in  the  rat  was  associated  with  a 
diminished  eosinophile  response  to  ACTH.  Neither  swimming  (Dumm  et 
al.,  1949;  Ralli,  1950;  Dumm  and  Ralli,  1952),  epinephrine  (Winters  et  al., 
1952)  nor  ACTH  (Dumm  et  al.,  1949;  Ralli,  1950;  Winters  et  al.,  1952)  will 
regularly  induce  either  a  lymphopenia  or  an  eosinopenia  in  rats  on  diets 
deficient  in  pantothenic  acid.  The  effects  of  pantothenate  deficiency  on  the 
eosinophile  response  of  intact  rats  were  largely  overcome  when  the  animals 
received  liberal  amounts  of  pantothenate  for  7  days,  and  by  20  days  the 
eosinophile  response  to  ACTH  was  very  similar  to  that  of  normal  rats  (Fig. 
2).  Pantothenic  acid  deficiency  damages  the  cells  of  the  adrenal  cortex 
(Morgan  and  Simms  1939;  Daft  and  Sebrell,  1939).  The  abnormal  re.sponse 
of  the  white  blood  cells  of  intact  pantothenate  deficient  rats  to  ACTH, 
epinephrine,  or  natural  stress  may  be  interpreted  as  reflecting  the  impair¬ 
ment  in  adrenal  function  resulting  from  the  deficiency  (Dumm  et  al.,  1949; 
Winters  et  al.,  1952).  The  fact  that  a  significant  eosinopenia  followed  the 
injection  of  cortisone  in  rats  on  all  diets  studied  is  consistent  with  this  sug¬ 
gestion  (Winters  et  al.,  1952).  The  possibility  that  changes  in  other  tissues 
contribute  to  these  results  is  not  excluded. 

In  the  adrenalectomized  pantothenate  deficient  rats,  the  injection  of 
ACTH  was  associated  with  marked  increases  in  the  number  of  eosinophiles 
(Fig.  2).  This  effect  was  less  striking  after  the  animals  had  received  a  high 
pantothenate  diet  for  7  days,  and  by  20  days  only  moderate  changes  in  the 
eosinophile  counts  of  adrenalectomized  rats  were  observed  comparable  to 
those  seen  in  adrenalectomized  rats  on  a  normal  diet.  The  variations  in  the 
eosinophile  respon.se  of  individual  animals  was  such  that  one  could  not 
judge  the  adrenal  status  of  an  animal  on  the  basis  of  the  effect  of  ACTH  on 
the  eosinophiles. 

Other  nutritional  factors  have  been  reported  to  influence  the  re.sponse  of 
the  eosinophiles  to  “stress.”  These  include  ascorbic  acid  and  vitamin  A 
(Bacchus  and  Altszuler,  1952;  Tabor  and  Klopp,  1953).  The  possibility  of 
a  metabolic  interrelation  between  pantothenic  and  ascorbic  acids  (Daft, 
1951;  Daft  and  Schwarz,  1952;  Everson  et  al.,  1953;  Hundley  and  Ing, 
1953;  Dumm  and  Ralli,  1949)  suggests  that  changes  in  ascorbic  acid  me¬ 
tabolism  may  contribute  to  the  changes  in  the  eo.sinophile  responses  ob¬ 
served  in  pantothenate  deficient  animals. 
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In  view  of  the  variable  responses  of  the  eosinophiles  to  ACTH  in  the 
completely  adrenalectomized  rat,  it  is  clear  that  changes  in  the  number  of 
circulating  eosinophiles  cannot  be  interpreted  solely  as  an  index  of  adrenal 
cortical  function.  The  fact  that  cortisone  was  associated  with  a  reasonably' 
consistent  eosinopenia  should  not  be  cited  as  evidence  that  the  adrenal 
cortex  is  necessarily  involved  in  the  eosinophile  response. 

The  effects  induced  by  the  parenteral  administration  of  a  hormone  may 
differ  from  the  effects  produced  by  the  natural  secretion  of  the  hormone. 
Since  an  eo.sinopenia  can  be  produced  in  the  completely  adrenalectomized 
animal,  it  is  clear  that  the  production  of  an  eosinopenia  is  not  in  itself  evi¬ 
dence  of  adrenal  cortical  activity. 

SUMMARY 

Eosinophiles  were  counted  by  a  direct  chamber  method  in  the  tail  blood 
of  rats,  on  normal,  pantothenate  deficient  and  high  pantothenate  diets,  be¬ 
fore  and  2,  4,  and  6  hours  after  an  injection  of  either  ACTH  or  cortisone. 

Resting  eosinophile  counts  in  rats  on  a  normal  diet  varied  widely  and 
had  a  skewed  frequency  distribution.  The  increase  in  the  number  of  eosino¬ 
philes  in  the  adrenalectomized  rats  was  statistically  significant. 

After  30  days  on  a  pantothenate  deficient  diet  the  response  of  the  eosino¬ 
phile  counts  of  intact  rats  to  ACTH  was  diminished.  In  intact  animals 
which  had  received  a  high  pantothenate  diet  for  7  days  following  a  period 
of  deficiency,  the  eosinophile  response  was  similar  to  that  of  normal  rats. 

The  eosinophile  counts  of  adrenalectomized  pantothenate  deficient  rats 
tended  to  increa.se  after  the  injection  of  ACTH.  After  7  or  20  days  on  the 
high  pantothenate  diet,  increa.ses  in  the  eosinophile  counts  after  the  in¬ 
jection  of  ACTH  were  less  pronounced.  Some  overlap  was  encountered  in 
the  responses  of  intact  and  adrenalectomized  rats  to  the  injection  of  ACTH 
on  all  diets  studied. 

The  injection  of  cortisone  produced  a  significant  eosinopenia  in  both  in¬ 
tact  and  adrenalectomized  rats  on  all  diets  studied. 

The  collection  of  blood  samples  was  associated  with  significant  changes 
in  the  eosinophile  counts  of  both  intact  and  adrenalectomized  rats.  The.se 
changes  were  less  pronounced  when  the  rats  also  received  an  intra perito¬ 
neal  injection  of  0.01  M  acetate. 

The  data  are  interpreted  as  indicating  that  eosinophile  counts  can  be 
modified  by  factors  other  than  the  hormones  of  the  adrenal  cortex. 
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ENHANCEMENT  OF  CORTICOTROPHIC  ACTIVITY: 
EFFECT  ON  ADRENAL  AND  THYMUS  WEIGHTS 

HERMAN  COHEN,  HENRY  H.  FREEDMAN,  WILLIAM 
KLEINBERG,  NORMAN  R.  SCHECHTER, 

AND  GUSTAV  J.  IMARTIN 
Princeton  Laboratories,  Inc.,  Princeton,  New  Jersey,  and  National 
Drug  Company,  Philadelphia,  Pennsylvania 

The  physiological  utilization  of  subcutaneously  or  intramuscularly 
administered  pituitary  hormones  has  been  shown  to  be  greatly  en¬ 
hanced  by  means  of  depot  agents,  such  as  oil  (Payne,  et  ah,  1951),  gelatin 
(Wolfson  and  Robinson,  1952),  polyvinylpyrrolidone  (Pedersen-Bjergaard 
and  Tonnesen,  1950),  and  others  which  delay  absorption  by  a  sequestering 
effect,  or  by  chemical  adducts  such  as  tannates  (Wilson  and  McGinty, 
1951),  protamine  zinc  (Solem,  1952),  or  alum  precipitated  proteins  (Ha- 
jashida  and  Li,  1952)  which  tend  to  reduce  the  solubility  of  the  proteins 
in  the  tissue  fluids  and  thus  delay  their  absorption  into  the  blood  stream. 
Recently  (Cohen,  et  al.,  1953)  data  were  presented  by  the  authors  which 
demonstrated  that  anti-hyaluronidase  agents  are  effective  in  delaying  the 
absorption  and  in  enhancing  the  activity  of  adrenocorticotrophin.  Coinci¬ 
dental  anti-proteolytic  action  of  these  substances  further  enhanced  such 
activity  when  the  anti-hyaluronidase  material  together  with  the  cortico- 
trophin  was  injected  in  a  protein  base  (gelatin).  Adrenal  ascorbic  acid 
depletion  was  used  as  the  index  of  effectiveness. 

The  data  presented  below  are  a  continuation  of  our  investigation,  using 
the  increase  in  adrenal  weight  and  decrease  in  thymus  weight  as  measures 
of  adrenal  cortical  stimulation. 

M.\TERIALS  AND  METHODS 

Sprague- Da wley  rats  eight  weeks  old  and  weighing  110-130  grams  were  hypophy- 
sectomized  hy  the  parajduiryngeal  aj)])roach  and  rested  for  5  days  before  the  injections 
were  started.  Injections  of  adrenocorticotrophin  dissolved  in  the  a])i)ropriate  vehicle 
were  administered  subcutaneously  once  daily  in  0.5  ml.  volume,  for  a  period  of  5  days. 
On  the  sixth  day  the  animals  were  sacrificed  and  the  adrenals  and  thymuses  removed 
and  weighed. 

The  following  vehicles,  all  adjusted  to  pH  4.7,  were  studied: 

1 .  1 6%  solution  of  Knox  gelatin, 

2.  16%  solution  of  Knox  gelatin  in  which  was  dissolved  sufficient  phosphoryfated 
hesperidin  to  make  a  4%  solution  of  the  latter, 

3.  Distilled  water. 

Received  for  publication  July  14,  1953. 
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Table  1.  The  efkect  of  vehicle  on  cokticotrophin-indlced  chances  in  the 

ADRENAL  AND  THYMUS  GLANDS  OF  HYPOPH YSECTOMIZED  RATS 


Vehicle 

No.  of 
rats 

Total  dose* 
ACTH  (USP 
units) 

Adrenal  weight, 
mg./ 100  g. 
body  weight 

Thymus  weight, 
mg. /1 00  g. 
body  weight 

16%  gelatin +4%  pho.s- 
phorylated  hesperidin 

7 

5 

31. 9  +  1. Of 

49  ±  6 

16%  gelatin 

7 

5 

26.5  +  1.3 

113  ±14 

Distilled  water 

7 

5 

20.1  +r.o 

171+15 

16%  gelatin +4%  phos¬ 
phorylated  hesperidin 

5 

0 

15.6  +  1.1 

245  +  19 

Di.stilled  water 

5 

0 

13.1+0.3 

216+22 

•  Purified  adrenocorticotrophin  having  a  potency  of  25  USP  units/mg.  when  assayed 
intravenously  was  incorporated  into  the  solvents  so  that  each  ml.  contained  2  USP  units, 
t  Mean  +  standard  error. 


RESULTS  AND  DISCUSSION 

The  data  presented  in  Table  1  indicate  the  superiority  of  the  gelatin 
vehicles  in  maintaining  the  secretory  activity  and  the  weight  of  the  adrenal 
gland  as  compared  to  that  of  water.  However,  the  addition  of  phosphoryl- 
ated  hesperidin,  a  potent  anti-hj'aluronidase  and  anti-proteolytic  agent 
(Beiler  and  Martin,  1952),  to  the  gelatin  results  in  a  marked  enhancement 
of  the  activity  of  the  adrenocorticotrophin  dissolved  therein.  This  en¬ 
hancement  is  evidenced  by  a  significant  increase  of  adrenal  weight  over 
that  obtained  with  the  gelatin  ACTH  solution  (t  >3),  or  with  the  aqueous 
ACTH  solution  (t>3). 

!More  striking  evidence  of  the  enhancing  effect  of  the  phosphorylated 
hesperidin  is  found  in  the  degree  of  thymic  involution.  The  ACTH  in 
gelatin  causes  approximate!}"  a  '50%  decrease  in  thymic  weight  whereas 
ACTH  in  the  gelatin-phosphorylated  hesperidin  vehicle  reduces  the  weight 
of  the  thymus  to  approximately  20%  of  that  of  the  control  animals.  The 
degree  of  thymic  involution  has  been  described  as  a  more  sensitive  index 
of  adrenocorticotrophic  activity  than  the  adrenal  weight  increase,  and 
also  is  a  reflection  of  the  titer  of  circulating  corticosteroids.  ^ 

The  mechanism  by  which  phosphorylated  hesperidin  exerts  its  en¬ 
hancing  effect  has  been  discussed  in  a  prior  publication  (Cohen,  et  al., 
1953). 


SUMMARY 

Subcutaneous  administration  of  purified  adrenocorticotrophic  hormone 
in  gelatin  and  in  gelatin  plus  phosphorylated  hesperidin  results  in  an 
enhanced  effect  of  the  hormone  upon  the  adrenal  cortex  as  evidenced  by 
an  increased  adrenal  weight  and  a  decrea.sed  thymus  weight,  in  hypophy- 
sectomized  rats. 

The  combination  of  gelatin  plus  phosphorylated  hesperidin  is  more 
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effective  than  gelatin  alone  in  enhancing  the  effect  of  the  corticotrophic 
hormone. 

The  action  of  the  phosphorylated  hesperidin  is  attributed  to  its  anti- 
hyaluronidase  and  anti-proteolytic  properties. 
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THE  PREVENTION  OF  ANEMIA  IN  HYPOPHYSECTO- 
MIZED  ADUI.T  FEMALE  RATS  WITH  COMBINED 
THYROXINE  AND  CORTISONE  THERAPY' 

ROGER  C.  GRAFTS^ 

Department  of  Anatomy,  University  of  Cincinnati 
College  of  Medicine,  Cincinnati,  Ohio 

A  LTHOUGH  it  has  been  well  established  that  hypophysectomy  induces 
l\.  an  anemia  (see  reviews  by  Gordon  and  Charipper,  1947,  and  Daug- 
haday,  Williams  and  Daland,  1948),  the  mechanism  by  which  removal  of 
the  hj^pophysis  causes  this  anemia  is  still  a  problem. 

Many  different  means  of  therapy  have  been  utilized  in  an  attempt  to 
prevent  anemia  in  hypophysectomized  rats,  but  the  only  ones  that  proved 
to  be  completely  effective  have  been  pituitary  extracts  (Flaks,  Himmel, 
and  Zoltnik,  1938;  Contopoulos,  Van  Dyke,  Simpson,  Garcia,  Huff,  Wil¬ 
liams  and  Evans,  1953),  a  combination  of  thyroxine  and  androgen  (Crafts, 
unpublished  data),  a  combination  of  thyroxine,  androgen,  and  high  protein 
diet  (Crafts,  1949),  cobalt  nitrate  (Crafts,  1952;  Garcia,  Van  Dyke,  and 
Berlin,  1952),  and  adrenocorticotrophic  hormone  (Garcia,  Van  Dyke,  Huff, 
Elmlinger  and  Oda,  1951). 

Thyroidectomy  in  rats  has  been  shown  to  induce  a  moderate  anemia  but 
the  anemia  was  not  as  severe  as  has  been  found  after  hypophysectomy 
(Crafts,  1941;  Wilson,  1944;  Gordon,  Kadow,  Finkelstein  and  Charipper, 
1946).  Adrenalectomy  in  rats  has  been  shown  to  induce  an  anemia  10  to  20 
days  after  removal  of  the  glands.  This  anemia,  however,  disappeared.  Sixty 
days  after  adrenalectomy,  the  blood  picture  was  normal  (Crafts,  1941; 
Piliero,  Landau  and  Gordon,  1950;  Gordon,  Piliero  and  Landau,  1951).  In 
spite  of  the  fact  that  neither  thyroidectomy  nor  adrenalectorny  produced 
an  anemia  comparable  to  that  which  follows  hypophysectomy.  Crafts 
(1953a)  has  shown  that  a  combined  thyroidectomy  and  adrenalectomy  in 
rats  induces  an  anemia  which  mimics  that  found  upon  removal  of  the  hy¬ 
pophysis. 

The  present  experiment  is  an  attempt  to  prevent  anemia  in  hypophy¬ 
sectomized  rats  with  thyroxine  and  cortisone  therapy. 

Received  for  j)ul)licatioii  July  14,  1953. 
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METHODS 

Adult  female  rats  of  3  to  4  months  of  age  and  of  the  Wistar  strain  were  used  in  these 
experiments.  All  were  fed  standard  “Purina  chow”  ad  libitum  and  given  lettuce  once  a 
week.  Hypophysectomy  was  performed  by  the  parapharyngeal  approach,  and  at  autopsy 
the  completeness  of  the  surgery  was  verified  by  careful  examination  of  the  sella  turcica 
under  a  dissecting  microscope.  Blood  was  obtained  by  anesthetizing  the  rat  with  ether 
End  cutting  the  tail.  Five  or  6  drops  of  blood  were  placed  in  a  small  vial  containing  a 
minute  amount  of  heparin.  Erythrocyte  counts  were  done  in  duplicate  using  U.  S. 
certified  blood  pipettes  and  the  improved  Neubauer  counting  chamber.  Hemoglobin 
determinations  were  made  in  a  Klett-Summerson  photoelectric  colorimeter.  Hematocrit 
determinations  were  made  with  Van  Allen  hematocrit  tubes  (no  diluent)  and  spun  for 
one  hour  at  2000  r.p.m.  Bone  marrows  were  prepared  in  the  following  manner; — femurs 
were  removed  from  the  animal,  both  ends  cut  off,  and  one  side  of  the  shaft  removed. 
This  left  the  bone  marrow  in  a  “boat”  of  bone  which  was  placed  in  Helly  fixative.  The 
bone  marrow  was  removed  from  the  bone  after  it  had  been  left  in  70%  alcohol  for  24 
hours.  Due  to  its  firm  consistency,  it  could  be  removed  in  a  long  strip.  This  was  sectioned 
at  6  micra  and  stained  with  Giemsa  stain. 

RESULTS 

This  experiment  includes  data  on  23  rats.  Five  serv^ed  as  normal  con¬ 
trols,  9  were  hypophysectomized,  and  9  were  hypophysectomized  and  re¬ 
ceived  daily  subcutaneous  injections  of  thyroxine  and  cortisone.  All  ani¬ 
mals  were  studied  for  60  days  after  surgery,  blood  being  examined  at  10- 
day  intervals.  Data  on  erythrocyte  counts  are  presented  in  Figure  1; 
hematocrit  readings,  Figure  2;  and  on  hemoglobin  levels.  Figure  3.  Values 
for  mean  corpuscular  volume  (M.C.V.),®  mean  corpuscular  hemoglobin 
(M.C.H.),^  and  mean  corpuscular  hemoglobin  concentration  (M.C.H.C.)® 
are  presented  in  Table  1.  Observ'ations  on  the  bone  marrow  are  included 
in  the  text. 

Normal  Controls 

No  significant  changes  occurred  in  the  blood  picture  of  the  normal  con¬ 
trol  rats.  The  blood  picture  in  these  animals  before  the  experiment  began 
was  as  follows: — erythrocyte  count,  8.31+0.95®  million  cells  per  cu.  mm.; 
hematocrit  reading,  43.4  +  1.2%;  hemoglobin  level,  16.4  +  0.39  gm.  per 


»  M.C.V. 


vol.  packed  red  cells,  cc.  per  1000  cc. 
erythrocyte  count,  millions  per  cu.  mm. 


«  M.C.H.  = 


hemoglobin,  gm.  per  1000  cc. 
erythrocyte  count,  millions  per  cu.  mm. 


s  M.C.H.C. 


hemoglobin,  gm.  per  100  cc.  X 100 
vol.  packed  red  cells,  cc.  per  100  cc. 


•  Standard  Deviation. 


so 
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Fig.  1.  The  effects  of  hypopliysectomy  alone  and  hypophysectomy  followed  by 
daily  injections  of  0.005  mg.  of  thyroxine  and  1.2  mg.  of  cortisone  on  erythrocyte  counts 
in  adult  female  rats.  On  day  21,  dose  of  cortisone  was  reduced  to  0.6  mg.  per  day. 

100  cc  of  blood;  mean  corpuscular  volume,  52.6  +  5.3  cu.  microns;  mean 
corpuscular  hemoglobin,  19.8 ±1.9  micromicrograms;  and  mean  corpuscu¬ 
lar  hemoglobin  concentration,  37.7  ±0.6  per  cent.  Sixty  days  later,  at  the 
termination  of  the  experiment,  these  same  normal  control  rats  exhibited 
the  following  blood  picture: — erythrocyte  count,  8.51  ±0.66  million  cells 
per  cu.  mm.;  hematocrit  reading,  44.6 ±  1.0%;  hemoglobin  level,  16.9 ±0.53 
gm.  per  100  cc  of  blood;  mean  corpuscular  volume,  52.6±4.1  cu.  microns; 
mean  corpuscular  hemoglobin,  19.9  ±1.8  micromicrograms ;  and  mean 
corpuscular  hemoglobin  concentration,  37.9  ±0.8  per  cent.  The  bone 
marrows  were  normal  in  appearance.  The  body  weight  in  these  control 
rats  averaged  257  gm.  before  the  experiment  started.  Sixty  days  later 
these  rats  averaged  273  gm.  in  body  weight. 
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Table  1.  The  effects  of  hypophysectomy  alone  and  hypophysectomy  followed  by 
DAILY  INJECTIONS  OF  0.005  -MG.  OF  THYROXINE  AND  1.2  MG.  OF  CORTISONE  ON  THE  MEAN  COR¬ 
PUSCULAR  VOLUME  (MCV),  MEAN  CORPUSCULAR  HEMOGLOBIN  (MCH),  AND  MEAN  CORPUSCU¬ 
LAR  HEMOGLOBIN  CONCENTRATION  (MCHC)  OF  ADULT  FE.MALE  RATS.  On  DAY  21,  DOSE  OF 
CORTISONE  WAS  REDUCED  TO  0.6  MG.  PER  DAY 


Treatment 

Day 

M.C.V.  in 
cubic 
microns 

M.C.H.  in 
micro¬ 
micrograms 

M.C.H.C.  in 
per  cent 

Normal  Controls — 

0 

52.6 

19.8 

37.7 

No  Treatment — 5  rats 

±5.3 

±1.9 

±0.6 

60 

52.6 

19.9 

37.9 

±4.1 

±1.8 

±0.8 

Hypophysectomy — 9  rats 

0 

50.4 

18.6 

36.9 

1 

±3.7 

±1.2 

±1.6 

60 

45.7 

18.2 

39.7 

±2.8 

±1.3 

±1.3 

P=<0.01 

P=  >0.1 

P=  <0.001 

Hypophysectomy  plus  daily  in- 

0 

52.1 

18.4 

35.3 

jections  of  thyroxine  and  cor- 

±4.7 

±1.4 

±1.0 

tisone — 9  rats 

60 

50.0 

19.3 

.38.7 

±2.9 

±0.9 

±1.2 

/"=>0.1 

P=  >0.1 

P=  <0.001 

+  =  Standard  Deviation. 

/•’  =  Fisher’s  test  of  siRiiificance. 


Hypophysectomy 

Hypophysectomy  induced  the  usual  anemia.  The  erythrocyte  count  in 
these  hypophysectomized  rats  decreased  from  a  pre-operative  average  of 
8.82  +  0.59  million  cells  per  cu.  mm.  to  an  average  of  6.55  +  0.64  million 
cells  60  days  later;  the  hematocrit  reading,  from  an  average  of  44.5  +  1.8 
per  cent  to  29.8 ±2.4  per  cent;  and  the  hemoglobin  level,  from  an  average 
of  16.4  +  0.40  gm.  per  100  cc  of  blood  to  an  average  of  11.8  +  0.88  gm. 

Hypophysectomy  also  induced  a  decrease  in  the  average  volume  of  each 
erythrocyte  (M.C.V. — Table  1).  This  decrease  from  a  pre-operative  aver¬ 
age  of  50.4  +  3.7  cu.  microns  to  45.7  ±  2.8  cu.  microns  on  the  60th  day  of  the 
experiment  is  a  significant  decrease  (P=  <0.01).^  The  anemia  is,  there¬ 
fore,  of  the  microcytic  variety.  In  spite  of  this  decrea.se  in  erythrocyte 
size,  there  was  no  decrease  in  the  average  hemoglobin  content  of  each 
erythrocyte  in  these  hypophysectomized  animals  (M.C.H. — Table  1). 
This  is  undoubtedly  due  to  the  significant  (P=  <0.001)  increase  in  the 
concentration  of  hemoglobin  in  each  erythrocyte  (M.C.H.C. — Table  1) 
from  a  pre-operative  average  of  36.9+1.6%  to  39. 7  ±1.3%. 


’  Fisher’s  “t”  test  of  significance. 


88 


CRAFTS 


Volume  54 


Fig.  2.  The  effects  of  hypophysectomy  alone  and  hypophysectomy  followed  by 
daily  injections  of  0.005  mg.  of  thyroxine  and  1.2  mg.  of  cortisone  on  hematocrit  read¬ 
ings  in  adult  female  rats.  On  day  21,  dose  of  cortisone  was  reduced  to  0.6  mg.  per  day. 

There  was  a  variance  in  the  bone  marrow  picture  in  these  hj  pophysecto- 
mized  animals.  The  usual  finding  of  a  decreased  cellularity  was  not  as 
marked  in  these  rats  as  has  been  observed  previously.  The  body  weight  of 
these  hypophysectomized  animals  decreased  from  an  average  of  237  gm. 
before  hypophysectomy  to  an  average  of  193  gm.  60  days  lat4r. 

Hypophysectomy  followed  by  thyroxine  and  cortisone  therapy 

Daily  subcutaneous  injections  of  0.005  mg.  of  thyroxine*  and  1.2  mg.  of 
cortisone®  (owing  to  the  severe  loss  of  body  weight  in  these  rats,  on  day 
21  the  dose  of  cortisone  was  decreased  to  0.6  mg.)  prevented  anemia  in 
hypophysectomized  rats.  Sixty  days  after  hypophysectomy  the  erythro¬ 
cyte  count  in  these  treated  animals  was  9.10  ±0.68  million  cells  per  cu. 
mm.,  the  hematocrit  reading,  45.3+1.9%  and  the  hemoglobin  level, 

*  The  thyroxine  was  generously  furnished  by  the  Organon  Co.,  Inc. 

*  The  cortisone  was  generously  provided  by  Merck  and  Co.,  Inc. 
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17.6  +  0.68  gm.  per  100  cc.  Although  these  figures  are  not  significantly 
higher  than  the  controls  on  the  60th  day  of  the  experiment,  i.e.  8.51  million 
cells,  44.6%,  and  16.9  gm.  respectively,  it  should  be  noted  (Fig.  1,  2,  3) 
that  the  averages  for  erythrocyte  count,  hematocrit  reading,  and  hemo¬ 
globin  level  in  these  treated  hypophysectomized  rats  were  always  higher 
than  those  for  the  control  animals. 

The  slight  decrease  in  average  size  of  each  erythrocyte  in  the  hypophy¬ 
sectomized  rats  receiving  thyroxine  and  cortisone  (M.C.V. — Table  1) 
from  a  pre-operative  average  of  52.1+4.7  cu.  microns  to  50.0  +  2.9  cubic 
microns  is  not  a  significant  change  {P=  >0.1),  and  the  slight  increase  in 
average  hemoglobin  content  of  the  erythrocytes  in  the  same  period  of 
time  (M.C.H. — Table  1)  from  18.4  +  1.4  micromicrograms  to  19.3  +  0.9 
micromicrograms  is  also  not  significant  (P=  >0.1).  Thyroxine  and  corti- 


DAYS 

Fig.  3.  The  effects  of  hypophysectomy  alone  and  hypophysectomy  followed  by  daily 
injections  of  0.005  mg.  of  thyroxine  and  1.2  mg.  of  cortisone  on  hemoglobin  levels  in 
adult  female  rats.  On  day  21,  dose  of  cortisone  was  reduced  to  0.6  mg.  per  day. 
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sone  therapy  did  induce  an  increase  in  hemoglobin  concentration  in  the 
erythrocytes  (M.C.H.C. — Table  1)  from  a  pre-operative  average  of 
35.3+1.0%  to  38.7  +  1.2  per  cent  60  days  later.  This  is  a  significant 
change  (P=  <0.001). 

The  bone  marrows  of  the  hypophysectomized  rats  treated  with  thyroxine 
and  cortisone  exhibited  an  increase  in  fat  content  and  a  decrease  in  cellu- 
larity.  In  spite  of  these  changes,  erythropoiesis  was  ’active  and  there 
.seemed  to  be  an  increase  in  younger  forms  of  the  erythroid  series.  Differen¬ 
tial  counts,  however,  have  not  been  made. 

The  weight  of  these  animals  decreased  from  an  average  of  229  gm.  before 
hypophysectomy  to  149  gm.  on  the  20th  day  of  treatment.  Halving  the 
daily  dose  of  cortisone  on  the  21st  day  of  treatment  induced  a  gradual 
increase  in  average  body  weight  to  157  gm.  on  the  60th  day  of  the  experi¬ 
ment. 

DISCUSSION 

A  combined  treatment  of  thyroxine  and  corti.sone  prevented  the  anemia 
which  ordinarily  follows  removal  of  the  hypophysis.  This  finding,  coupled 
with  the  previous  report  that  a  combined  thyroidectomy  and  adrenalec¬ 
tomy  induced  an  anemia  which  duplicated  that  induced  by  hypoph}'- 
sectomy  (Crafts,  1953a),  would  indicate  that  there  is  certainly  a  possi¬ 
bility  that  anemia  in  hypophysectomized  rats  is  due  to  decrea.sed  act- 
tivity  of  the  thyroid  and  adrenal  glands  following  removal  of  the 
hypophysis. 

These  results  would  seem  to  substantiate  the  hypothesis  that  anemia 
in  hypophysectomized  animals  is  due  to  faulty  metabolism.  The  role  of 
the  thyroid  gland  in  metabolism  is  unquestioned,  and  the  adrenal  cortex 
certainly  plays  a  role  in  carbohydrate  metabolism.  In  addition,  it  has 
been  shown  that  anemia  in  hypophysectomized  rats  can  be  prevented  by 
a  combined  therapy  of  thyroxine,  testosterone  propionate,  and  a  high 
protein  diet  (Crafts,  1949). 

The  fact  that  anemia  in  hypophysectomized  rats  could  not  be  prevented 
with  growth  hormone  in  dose  levels  which  stimulated  growth  (Meyer, 
Stewart,  Thewlis  and  Rusch,  1937;  Gaebler  and  Mathies,  1951;  Van  Dyke, 
Simpson,  Garcia  and  Evans,  1952;  Crafts,  1953b),  casts  suspicion  on  the 
role  of  the  high  protein  diet  in  the  prevention  of  anemia  in  hypophysecto¬ 
mized  rats  as  mentioned  above.  Accordingly,  hypophysectomized  rats 
were  treated  with  thyroxine  and  testosterone  propionate  and  the  effects 
on  the  blood  picture  compared  to  treatment  with  a  high  protein  diet  in 
addition  to  thyroxine  and  testosterone  propionate  (Crafts,  unpublished 
data).  The  anemia  was  prevented  in  hypophysectomized  rats  with  thy¬ 
roxine  and  testosterone  but  addition  of  a  high  protein  diet  actually  caused 
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an  increase  in  the  erythrocyte  count  to  levels  above  normal.  Further  work 
is  necessary  to  determine  the  role  played  by  faulty  metabolism  in  the 
development  of  the  anemia  which  is  induced  by  hypophysectomy. 

The  appearance  of  the  bone  marrow  of  the  rats  in  the  present  experi¬ 
ment  deserves  comment.  In  this  investigator’s  experience,  whenever  ther¬ 
apy  prevented  anemia  in  hypophysectomized  rats,  there  was  a  decrease 
in  fat  content  and  an  increase  in  cellularity  of  the  marrow.  Conversely, 
hypophysectomy  was  followed  by  an  increase  in  marrow  fat  and  a  de¬ 
creased  cellularity.  In  the  present  experiment,  however,  the  hypophysec¬ 
tomized  animals  which  received  no  treatment  varied  considerably  as  to 
fat  content  and  cellularity  of  the  bone  marrow.  In  addition,  the  bone 
marrows  of  the  hypophysectomized  rats  treated  with  thyroxine  and  corti¬ 
sone  exhibited  a  marked  increase  in  fat  content.  These  results  are  similar 
to  those  reported  by  Gordon,  Piliero  and  Landau  (1951)  in  which  they 
found  that  cortisone  increased  the  “vacuolization”  and  decreased  the  total 
cellularity  of  the  marrow  of  adrenalectomized  rats.  Similar  results  were 
obtained  by  Baker  and  Ingle  (1948)  with  ACTH  therapy.  As  Gordon  and 
co-workers  pointed  out,  this  increase  in  marrow  fat  may  be  due  to  the 
generalized  increase  in  fat  and  decrease  in  weight  of  animals  treated  with 
cortisone.  In  spite  of  this  increase  in  marrow  fat  and  decreased  marrow 
cellularity  after  cortisone  injections,  the  cells  present  in  the  bone  marrow 
were  capable  of  producing  an  adequate  number  of  erythrocytes  in  the 
adrenalectomized  rat  (Gordon  and  co-workers,  1951)  or  in  hypophysecto¬ 
mized  animals  as  shown  in  the  present  experiment. 

Anemia  in  hypophysectomized  rats  has  been  duplicated  by  a  combined 
removal  of  the  thyroid  and  adrenal  glands,  and  has  been  prevented  by 
daily  subcutaneous  injections  of  thyroxine  and  cortisone.  These  results 
support  the  contention  that  anemia  in  hypophysectomized  rats  is  due  to 
faulty  metabolism  resulting  from  a  combined  hypothyroidism  and  hypo- 
adrenocorticalism. 


SUMMARY 

One  group  of  adult  female  rats  of  the  Wistar  strain  was  hypophysecto¬ 
mized  and  given  daily  subcutaneous  injections  of  0.005  mg.  of  thyroxine 
and  1.2  mg.  of  cortisone  (on  day  21,  cortisone  w’as  decreased  to  0.6  mg. 
per  day),  while  another  group  was  hypophysectomized  and  given  no 
therapy.  Blood  was  studied  at  10-day  intervals  for  60  days. 

Hj’pophysectomy  induced  a  decrease  in  erythrocyte  count  from  8.82 
±0.59  million  cells  per  cu.  mm.  before  hypophysectomy  to  6.55  ±0.64 
million  cells  60  days  later;  in  hematocrit  reading,  from  44.5 ±1.8%  to 
29.8  ±2.4%;  and  in  hemoglobin  level,  from  16.4  ±0.40  gm.  per  100  cc  of 
blood  to  11.8  ±0.88  gm.  In  addition,  the  mean  corpuscular  volume  in  these 
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untreated  hypophysectomized  rats  decreased  and  the  mean  corpuscular 
hemoglobin  concentration  increased. 

Thyroxine  and  cortisone  injections  in  hypophysectomized  rats  prevented 
this  anemia.  On  the  60th  day  of  the  experiment,  the  erythrocyte  count  in 
the  treated  hypophysectomized  rats  was  9.40  ±0.68  million  cells  per  cu. 
mm.;  the  hematocrit  reading,  45.3 ±1.9%;  and  the  hemoglobin  level, 
17.6  ±0.68  gm.  per  100  cc  of  blood.  There  was  no  significant  decrease  in 
mean  corpuscular  volume  in  these  animals  but  the  mean  corpuscular 
hemoglobin  concentration  increased.  Although  the  bone  marrows  of  these 
hypophysectomized  treated  rats  exhibited  an  increase  in  fat  and  a  de¬ 
creased  total  cellularity,  er3dhropoiesis  was  active. 
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THE  EFFECT  OF  GROWTH-INHIBITING  CONDITIONS 
UPON  THE  LEVATOR  ANI  MUSCLE  OF  THE  RAT 

EUGENE  EISENBERG  and  GILBERT  S.  GORDAN 

Tfie  Endocrine  Clinic  of  the  Department  of  Medicine,  University  of  California 
School  of  Medicine,  San  Francisco,  California 

IN  PREVIOUS  studies,  growth  of  the  levator  ani  muscle  of  the  castrate 
immature  male  rat  was  induced  by  various  anabolic  agents.  It  was 
found  that  the  amount  of  growth  produced  paralleled  the  known  anabolic 
potency  of  these  agents  (Eisenberg  and  Gordan  1950).  For  this  reason, 
the  weight  of  the  levator  ani  muscle  of  the  castrate  male  rat  was  used  as  a 
gauge  of  the  protein-anabolic  activity  of  steroids.  Purified  pituitary  growth 
extract  also  causes  the  muscle  to  grow.  This  observation  suggested  that 
the  muscle  is  an  index  of  changes  in  nitrogen  balance  induced  by  steroids 
and  other  growth-promoting  substances. 

The  present  study  was  undertaken  to  determine  whether  the  levator 
ani  muscle  also  reflects  the  loss  of  protein  that  accompanies  growth- 
inhibiting  conditions.  Because  Rupp,  Paschkis,  and  Cantarow  (1949)  have 
shown  that  small  doses  of  thyroid  hormone  are  anabolic  in  hypothyroid 
rats,  while  large  doses  are  catabolic,  the  weight  of  the  levator  ani  muscle 
was  measured  in  hypothyroidism,  in  hypothyroidism  remedied  by  the 
administration  of  small  doses  of  thyroid  substance,  and  in  severe  hyper¬ 
thyroidism.  The  effect  of  administration  of  the  catabolic  steroid,  cortisone, 
was  also  studied. 


METHOD 

The  animals,  all  male  rats  of  the  Long-Evans  strain,  were  divided  into  seven  groups: 
1)  normal  controls,  2)  hypothyroid  rats  with  intact  gonads,  3)  hyperthyroid  rats  with 
intact  gonads,  4)  castrate  controls,  5)  castrate  hypothyroid  animals,  6)  castrate  hypo¬ 
thyroid  rats  treated  with  2  mg.  desiccated  thyroid  substance  daily  from  the  fifty-third 
to  the  sixtieth  day  of  life,  and  7)  castrates  treated  with  cortisone.  The  castrations  were 
l)erformed  on  the  thirtieth  day  of  the  animal’s  life,  when  the  body  weight  of  the  animals 
in  each  group  average  73  ±4.0  gm. 

Hypothyroidism  was  induced  by  the  addition  of  0.1  %  propylthiouracil  to  the  drinking 
water  during  the  second  month  of  the  animal’s  life.  Hyperthyroidism  was  produced 
by  feeding  30  mg.  of  thyroid  substance  every  other  day  from  the  35th  to  the  60th  day  of 
age.  This  dose  resulted  in  basal  metabolic  rates  of  plus  65  to  plus  100%.  The  oxygen 
consumption  of  slices  of  liver  from  these  animals  (measured  in  vitro  by  the  direct  method 
of  Warburg)  was  exactly  double  that  of  liver  slices  from  normal  animals.  The  rats 

Received  for  publication  July  15,  1953. 
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treated  with  cortisone  received  0.1  mg.  of  the  steroid  in  sesame  oil  subcutaneously  for 
seven  days  preceding  autopsy. 

All  animals  were  killed  by  decapitation  on  the  sixtieth  day  of  life.  Dissection  of  the 
levator  ani  muscle  and  the  seminal  vesicles  was  carried  out  as  described  earlier  (Eisenberg 
and  Gordan  1950). 

RESULTS 

The  data  are  summarized  in  Table  1.  It  will  be  noted  that  the  body 
weight  attained  by  hypothyroid  and  hyperthyroid  rats  with  intact  gonads 
was  less  than  that  of  the  normal  controls.  In  these  hypothyroid  and 
hyperthyroid  animals,  the  weight  of  the  levator  ani  muscle  and  of  the 
seminal  vesicles  was  also  less  than  normal.  In  the  hyperthyroid  group, 
body  weight  and  weight  of  the  levator  ani  were  both  lower  than  those  of 
castrate  rats,  in  fact,  approximately  normal  for  animals  30  days  of  age 
(Eisenberg  and  Gordan  1950).  The  seminal  vesicles,  however,  weighed 
more  than  2|  times  as  much  in  these  animals  as  in  castrates. 

In  the  castrate-hypothyroid  group,  the  average  body  weight  was  lower 
than  that  of  either  the  intact  or  the  castrate  controls,  but  not  significantly 
less  than  the  weight  of  hypothyroid  animals  with  intact  gonads.  The 
levator  ani  muscles  in  the  castrate-hypothyroid  group  weighed  only 
slightly  less  than  those  of  castrate  control  rats,  but  only  one-half  as  much 
as  those  of  hypothyroid  rats  which  were  not  castrated.  Administration 
of  small  amounts  of  thyroid  substance  to  the  castrate  hypothyroid  rats 
resulted  in  restoration  of  the  weight  of  the  levator  ani  muscle  and  in  gain 
of  body  weight,  but  had  no  effect  on  the  weight  of  the  seminal  vesicles. 
Cortisone  caused  further  atrophy  of  the  already  atrophic  levator  ani 
muscle  of  the  castrate  rats  (p  <0.01),  but  effected  no  change  in  the  weight 
of  the  seminal  vesicles. 

DISCUSSION 

Considerable  div^ergence  from  a  euthyroid  state  in  the  directions  of 
hypothyroidism  and  hyperthyroidism  has  been  shown  to  be  associated 


Table  I.  P>fect  of  growth-inhibitino  conditions  upon  body  weight,  weight 

OF  LEVATOR  ANI  MUSCLES  AND  OF  SEMINAL  VESICLES  OF  .MALE  RATS 


No.  of 
rats 

Group 

Body  weight 
(gm.  ±<r„.) 

Levator  ani 
(mgm.  ±<T„.) 

Seminal  vesicle 
(mgm.  +<r„.) 

21 

Normal  control 

218±7.9 

101  +6.3 

276 

+  15.5 

10 

Hypothyroid 
(not  castrated) 

1.39+4.3 

58.0+8.0 

117 

+  30.0 

13 

Hyperthyroid 
(not  castrated) 

99+3.2 

22.8+5.1 

37. 

8+  6.3 

16 

Castrate  control 

179+4.8 

.33  +2.9 

14 

+  1.2 

10 

Castrate  hypothyroid 

127+3.2 

29  +1.0 

13 

+  1.0 

10 

Thyroid  treated 

hypothyroid  castrates 

155+4.1 

.36  +1.4 

14 

+  1.0 

9 

Cortisone-treated 

castrates 

168+6.2 

2.3  +3.0 

13 

+  1.1 
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with  a  negative  nitrogen  balance  (Rupp,  Paschkis,  and  Cantarow,  1949). 
Likewise,  the  protein-catabolic^  effects  of  cortisone  are  well-known  (Wells 
and  Kendall,  1940;  Ingle,  Prestrud  and  Rice,  1950).  The  data  presented 
above  show  that  the  weight  of  the  levator  ani  muscle  reflects  these  changes. 

A  previous  study  showed  that  testosterone  compounds  stimulate  the 
muscle  to  hypertrophy  in  the  intact  animal  (Eisenberg  and  Gordan, 
1950).  This  observation  was  recently  confirmed  by  Scow  (1952).  For 
assay  of  anabolic  activity,  we  thought  the  castrate  male  rat,  with  its 
atrophic  musculature,  would  be  a  more  sensitive  preparation  than  the 
intact  animal.  In  the  present  experiment,  the  weight  of  the  levator  ani 
muscle  of  the  castrate  male  rat  also  reflected  changes  in  the  direction  of 
catabolism,  as  evidenced  by  the  animals  that  received  cortisone.  It  will 
be  seen,  however,  that  the  weight  of  the  muscle  of  the  non-castrate 
hypothyroid  rats  is  43%  less  than  that  of  the  normal  control  rats,  while 
the  muscle  weight  of  the  castrate  hypothyroid  animals  is  only  13%  less 
than  that  of  the  castrate  controls.  The  greater  sensitivity  of  the  intact 
animals  to  these  catabolic  influences  suggests  that  they  are  more  suitable 
for  the  assay  of  protein-catabolic  activity. 

We  believe  that  the  growth  of  the  levator  ani  muscle  is  not  solely  an 
androgenic  phenomenon,  since:  1)  The  muscle  is  stimulated  to  grow  in 
the  hypothyroid  castrate  animal  by  treatment  with  thyroid  substance 
alone;  2)  The  small  muscle  of  the  castrate  animal  is  rendered  even  more 
atrophic  by  administration  of  cortisone;  3)  We  have  previously  shown  that 
the  muscle  grows  in  the  growing  animal  deprived  of  its  gonads  (Sakamoto, 
Gordan,  and  Eisenberg,  1951);  4)  We  have  also  shown  that  pituitary 
growth  hormone  stimulates  growth  of  this  muscle  in  the  castrate  rat;  5) 
The  muscle  is  also  stimulated  to  grow  by  non-androgenic  doses  of  methyl- 
androstenediol  (Gordan,  Eisenberg,  Moon,  and  Sakamoto,  1951),  or  by, 
administration  of  androstadiene  Al-2,  4-5  dione  3,17  and  androstadiene 
A4-5,  6-7  dione  3,17  and  testololactone  (Shemano,  Gordan,  and  Eisen¬ 
berg,  1951).  In  all  these  instances,  lack  of  androgenic  activity  was  demon¬ 
strated  by  the  constant  weight  of  the  seminal  vesicles.^ 

SUMMARY 

The  effect  of  known  protein-catabolic  conditions  on  the  levator  ani 
muscle  of  male  rats  has  been  studied.  The  growth-inhibiting  states  studied 

*  Whether  the  effects  described  are  catabolic  or  anti-anabolic  cannot  be  determined 
from  these  data.  The  net  result  of  either  is  decreased  bulk  of  protein  tissue. 

*  Subsequent  to  the  preparation  of  this  paper,  Hershberger,  Shipley,  and  Meyer  have 
reported  that  1 9-nortestosterone  and  other  19-nor  analogs  of  androgens  are  strongly 
myotrophic  and  only  weakly  androgenic  (Proc.  Soc.  Exper.  Biol,  and  Med.  83:  175, 
1953). 
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were  hypothyroidism,  severe  hyperthyroidism,  castration,  and  adminis¬ 
tration  of  cortisone.  In  these  conditions  it  was  found  that  the  levator  ani 
muscle  of  the  male  rat  reflects  the  general  loss  of  body  tissue.  Adminis¬ 
tration  of  thyroid  substance  restores  to  the  castrate  level  the  atrophic 
levator  ani  muscle  of  the  castrate  hypothyroid  rat. 

The  levator  ani  muscle  of  the  normal  male  rat  is  a  more  responsive  assay 
modality  for  protein  catabolism  than  the  muscle  of  the  castrate  rat. 

Responsiveness  of  the  levator  ani  muscle  to  agents  free  of  androgenic  ac¬ 
tivity  is  again  demonstrated. 
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THYROIDAL  IODIDE  TRAPPING  AS  INFLUENCED  BY 
SERUM  IODIDE  LEVELS  AND  THYROTROPHIN'-^ 

N.  S.  HALMI 

Department  of  Anatomy,  State  University  of  Iowa,  Iowa  City,  Iowa 

IT  IS  well  established  that  the  thyroid  possesses  a  mechanism  whereby 
it  concentrates  (“traps”)  inorganic  iodide  (VanderLaan  and  VanderLaan, 
1947;  Taurog  et  al.,  1947).  Studies  using  tracer  doses  of  radioactive  iodine 
have  disclosed  the  thyroid :  serum  iodide  gradient  to  be  profoundly  influ¬ 
enced  by  thyrotrophin  (TSH)  (VanderLaan  and  VanderLaan,  1947 ;  Vander¬ 
Laan  and  Greer,  1950;  Ingbar  and  Roberts,  1952;  Halmi  et  al.,  1953).  Up 
to  100  pg  of  stable  iodide  carrier  added  to  the  tracer  had  no  appreciable 
effect  on  the  thyroid :serum  radioiodide  concentration  ratio  (T/S)  of 
normal  (VanderLaan  and  VanderLaan,  1947)  or  of  goitrous  rats  (Vander¬ 
Laan  and  VanderLaan,  1947;  Taurog  et  al.,  1947).  However,  further  in¬ 
crease  of  the  dose  of  stable  iodide  caused  the  T/S  of  propylthiouracil 
(PTU)-treated  rats  to  drop  (VanderLaan  and  VanderLaan,  1947;  Wjm- 
gaarden  et  al.,  1953).  This  suggested  to  Raben  and  Astwood  (1949)  that 
the  capacity  of  the  thyroid  for  iodide  is  limited,  and  indeed,  the  early  work 
of  Leblond  and  Siie  (1941)  with  P^*  given  in  sufficiently  high  doses  to 
interfere  with  organic  binding  had  shown  that  the  iodide  collecting  mecha¬ 
nism  of  the  guinea  pig  thyroid  becomes  “saturated”  when  the  gland  con¬ 
tains  16  mg%  of  iodine. 

The  present  study  was  undertaken  to  compare  the  effect  of  graded  doses 
of  carrier  iodide  on  the  T/S  of  hypophysectomized,  normal,  hypophysecto- 
mized-TSH  treated  and  PTU-fed  rats  and  to  estimate  the  capacity  of  the 
thyroidal  iodide  “trap”  in  these  groups  of  animals. 

MATERIALS  AND  METHODS 

Several  groups  of  young  adult  male  Sprague-Dawley  rats  were  used  in  this  study. 
The  untreated  animals  weighed  200-250  gm.  and  were  fed  Rockland  pellets.  Rats  of 
similar  size  received  0.03%  propylthiouracil  (PTU)  in  ground  Rockland  diet  for  20  days. 
Hypophysectomized  rats  (100-150  gm.)  obtained  from  the  Hormone  Assay  Laboratories, 
Chicago,  were  used  10  days  after  operation.  When  TSH  was  administered  to  them,  it  was 
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given  in  the  form  of  a  single  subcutaneous  injection  (0.25  USP  units  =  5  mg.  USP  Thyro¬ 
tropin  Reference  Substance)  24  hrs.  before  the  administration  of  P®*. 

All  rats  received  a  subcutaneous  injection  of  6  mg.  PTU  in  alkaline  solution  in  order 
to  block  thyroid  hormone  synthesis.  Some  animals  were  simultaneously  given  100  mg. 
KSCN  by  the  same  route.  Forty-five  minutes  later  the  rats  were  injected  subcutaneously 
with  1  ml.  of  water  containing  2-10  nc.  of  radioiodide  without  or  with  added  stable 
.sodium  iodide  (100  fig.  to  200  mg.).  After  an  interval  of  1  to  1^  hrs.  the  animals  were 
anesthetized  with  ether  and  exsanguinated  via  the  abdominal  aorta.  Thyroid-serum 
iodide  concentration  ratio  determinations  were  carried  out  as  described  in  our  previous 
study  (Halmi  et  al.,  1953).  The  specific  activity  of  the  injected  solutions  was  also  deter¬ 
mined  by  means  of  the  thin  mica-window  Geiger-Miiller  counter  and  the  concentration  of 
injected  in  thyroids  and  sera  calculated  on  the  basis  of  this  measurement  and  that  of 
their  radioactivity.  Since  large  amounts  of  I**®  were  given,  the  original  stable  blood  and 
thyroid  iodide  was  not  taken  into  consideration.  When  thyroids  were  studied  histo- 
logicall}',  they  were  fixed  in  SUSA,  embedded  in  paraffin,  cut  at  6  /z  and  stained  with 
Gomori’s  trichrome. 


RESULTS 

The  results  of  the  experiments  are  summarized  in  Table  1.  Figure  1  is 
a  logarithmic  plot  of  the  thyroid '.serum  iodide  concentration  ratios  (T/S) 
against  the  serum  iodide  levels.  It  can  be  seen  that  100  of  carrier  Nal 
had  no  significant  effect  on  the  T/S  in  any  of  the  groups,  although  the 


Fig.  1.  Logarithmic  plot  of  thyroid:  serum  iodide  gradients  against  serum  iodide  levels. 
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values  tended  to  be  lower  than  in  the  animals  given  tracer  doses  of  only. 
Further  increase  of  the  serum  iodide  levels  caused  the  T  S  to  drop  gradu¬ 
ally  to  1  or  less  in  every  group.  The  serum  idoide  concentrations  which  were 
necessary  to  eliminate  the  thyroid: serum  iodide  gradient  depended  on  the 
level  of  thyrotrophic  stimulation  and  were  of  the  following  order  of  mag¬ 
nitude:  4-5  mg%  for  hypophysectomized  rats,  35-40  mg%  for  normal 
rats,  70-75  mg%  for  hypophysectomized  rats  given  -TSH  and  130-140 
mg%  for  PTU  treated  animals. 

Depression  of  the  T  S  below  1  was  not  attempted  in  the  goitrous  and  the 
TSH  treated  hypophysectomized  rats.  In  the  normal  and  the  untreated 
hypophysectomized  group,  however,  a  drop  of  the  T/S  to  values  lower  than 
unity  was  observed  when  the  serum  iodide  concentration  was  sufficiently 
raised.  In  the  hypophysectomized  animals  the  curve  of  the  T/S  appeared 
to  level  off  at  0.4,  in  the  normal  rats  at  0.5  (Fig.  1).  In  five  normal  rats 
which  had  received  100  mg.  of  KSCN  the  T/S  was  0.66  +  0.03.  Another 
group  of  five  normal  rats  given  100  mg.  of  KSCN  and  100  mg.  of  NaP*^ 
had  a  T/S  of  0.55  +  0.08. 

The  concentration  of  in  the  thyroids  rose  progressively  in  all  groups 
as  the  serum  iodide  levels  were  elevated.  This  is  not  surprising  since  the 
thyroid  contains  blood  and  a  diffusion  space  for  iodide  in  addition  to  the 
parenchymal  mechanism  which  “traps”  iodide  and  which  presumably  can 
become  “saturated.”  As  the  “trapped”  iodide  in  the  thyroids  of  hypophy¬ 
sectomized  rats  given  high  doses  of  stable  iodide  can  be  considered  to  con¬ 
stitute  a  negligible  portion  of  the  total  iodide,  the  minimum  T/S  value  of 
about  0.4  in  this  condition  appears  to  indicate  that  approximately  40% 
of  the  thyroid  volume  constitutes  the  intra-  and  extravascular  iodide  dif¬ 
fusion  space  of  this  organ.  In  order  to  estimate  the  concentration  of 
“trapped”  iodide  within  the  thyroid,  40%  of  the  serum  iodide  concentra¬ 
tion  value  thus  has  to  be  subtracted  from  the  total  thyroidal  iodide 
concentration.  “Trapped”  iodide  concentrations  calculated  in  this  manner 
appeared  to  reach  a  plateau  with  increasing  serum  iodide  levels  in  all 
groups  of  rats  studied  (Table  1,  Fig.  2).  It  is  also  evident  that  TSH  had 
a  similar  effect  on  the  capacity  of  the  thyroidal  iodide  “trap”  as  it  had  on 
the  T/S  values  in  experiments  using  tracer  doses  of  carrier-free  radioiodide. 
Notably,  the  “saturation”  levels  of  the  “trapping”  mechanism  appeared 
to  be  of  the  following  order  of  magnitude  in  our  experimental  groups: 
3  mg.  of  iodide  per  100  gm.  thyroid  tissue  in  hypophysectomized  rats,  20 
mg.  in  normal  animals,  40-45  mg.  in  hypophysectomized-TSH  treated 
rats  and  80-85  mg.  in  PTU  treated  animals.  Figure  3  shows  that  TSH 
administration  failed  to  alter  the  morphological  picture  of  the  thyroid  in 
hypophysectomized  rats,  and  yet  it  imparted  to  these  glands  a  greater  ca¬ 
pacity  for  “trapped”  iodide  than  that  of  the  histologically  more  active  ap¬ 
pearing  thyroids  of  normal  animals. 
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It  is  evident  from  Table  1  that  a  significant  decline  of  the  T/S  occurred 
with  rising  serum  iodide  concentrations  in  all  groups  before  “saturation”  of 
the  iodide  “trapping”  mechanism  was  achieved. 

DISCUSSION 

In  an  earlier  study  we  had  reported  that  the  T /  8  ratio  is  lower  in  intact 
rats  given  large  doses  of  thyroxin  (1.6)  and  in  hypophysectomized-thyroxin 
treated  animals  (3.9)  than  in  untreated  hypophysectomized  rats  (6.3-6.9) 
(Halmi  et  ah,  1953).  Since  these  results  were  obtained  with  pharmacological 
amounts  of  thyroxin,  there  could  be  some  doubt  whether  they  actually  sig¬ 
nify  that  thyroxin  exerts  a  direct  depressing  effect  on  the  thyroidal  iodide 
concentrating  mechanism  or  whether  they  were  due  to  dilution  of  the  in¬ 
jected  tracer  by  stable  iodide  derived  from  the  injected  thyroxin.  The 


Fig.  2.  Estimated  thyroidal  “trapped”  iodide  concentrations  (total  thyroidal  iodiile 
concentration  minus  40%  of  serum  iodide  concentration)  plotted  against  serum  iodide 
levels. 


present  study  indicates  that  the  latter  explanation  is  unlikely.  Deiodination 
of  thyroxin  in  vivo  is  a  sluggish  process  (Gross  and  Leblond,  1947;  Johnson 
and  Albert,  1951)  and,  in  the  experiments  referred  to,  could  not  have  re¬ 
sulted  in  sufficiently  high  levels  of  serum  iodide  at  the  time  of  the  T/'S  de¬ 
termination  to  account  for  the  observed  depression  of  the  thyroid: serum 
iodide  gradient.  Howev'er,  it  cannot  be  stated  with  certainty  that  thyroxin 
as  such  acts  on  the  thyroidal  iodide  “trap,”  and  the  effect  of  chronic  eleva¬ 
tion  of  serum  iodide  levels  on  this  mechanism  remains  to  be  investigated. 

Iodide  has  been  used  for  the  estimation  of  the  extracellular  space  (Wal¬ 
lace  and  Brodie,  1937),  although  Leblond  (1942)  suggests  that  it  penetrates 
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to  some  extent  into  all  cells.  Our  estimate  of  the  thyroidal  iodide  diffusion 
space  as  40%  of  the  gland’s  volume  (in  hypophysectomized  rats)  can  be 
compared  with  the  22%  and  27%  values  which  we  obtained  for  the  di¬ 
aphragm  and  the  adrenal,  respectively.  Even  a  cursory  examination  of  the 
thyroids  in  Figure  3  makes  it  clear  that  the  stroma  of  the  gland  does  not 
constitute  40%  of  its  volume.  This  necessitates  the  assurription  that  the 


Fig.  3.  Photomicrographs  of  thyroids.  XI 55.  A)  Thyroid  of  hypophysectomized  rat. 
Note  flat  follicular  epithelium.  B)Thyroid  of  hypophysectomized  rat  which  has  received 
.25  USP  unit  of  TSH  24  hrs.  previously.  The  gland  is  indistinguishable  from  A).  C)  Thy¬ 
roid  of  normal  rat.  Follicular  epithelium  cuboidal  or  low  columnar. 

iodide  diffusion  space  of  the  thyroid  includes  part  of  the  parenchyma,  pos¬ 
sibly  the  cellular  portion,  in  addition  to  the  stroma.  In  our  estimation  of 
“trapped”  thyroidal  iodide  concentrations  we  could  not  take  into  account 
the  possibility  that  TSH,  at  least  in  so  far  as  it  brings  about  changes  in  the 
cellularity  of  the  gland,  might  affect  the  magnitude  of  the  iodide  diffusion 
space  of  the  thyroid.  This  problem  calls  for  studies  with  even  larger 
amounts  of  iodide  than  those  which  could  be  administered  under  the  condi¬ 
tions  of  our  experiments. 

Our  results  with  thiocyanate  are  in  agreement  with  the  recent  report  of 
Wyngaarden  et  al.  (1953)  who  found  that  its  effect  on  thyroid :  serum  iodide 
gradients  is  quantitatively  similar  to  that  of  iodide  proper.  Failure  of  pre¬ 
vious  investigators  to  depress  the  T/S  below  1  with  either  KSCN  or  iodide 
was  due  to  the  fact  that  sufficiently  high  doses  were  not  given. 

SUMMARY 

1)  Thyroidal  and  serum  iodide  concentrations  and  their  ratios  were  ex¬ 
amined  in  hypophysectomized,  normal,  hypophysectomized-thyrotrophin 
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(TSH)  treated  and  propylthiouracil  (PTU)  fed  rats  which  received  graded 
doses  of  I^*Mabelled  stable  iodide  following  the  blocking  of  thyroid  hormone 
biosynthesis  with  a  single  dose  of  PTU. 

2)  Appropriate  increase  of  the  serum  iodide  levels  caused  the  thyroid: 
serum  iodide  gradient  to  drop  to  1  or  below.  The  magnitude  of  the  serum 
iodide  concentration  required  to  abolish  the  gradient  was  dependent  on  the 
state  of  thyrotrophic  stimulation. 

3)  Thyroidal  iodide  concentrations  rose  progressively  as  serum  iodide  lev^- 
els  were  elevated.  When  correction  was  made  for  the  iodide  which  entered 
the  thyroidal  “iodide  space”  (estimated  at  40%  of  the  thyroid  volume  in 
hypophysectomized  rats)  by  diffusion,  the  capacity  of  the  gland  for  “trap¬ 
ped”  iodide  was  found  to  be  limited  and  profoundly  influenced  by  TSH. 
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CHEiMICAL  FORjVI  OF  THE  IODINE  PRESENT  IN  THE 
HAIR  OF  THE  RAT 

C.  P.  LEBLOND 

Department  of  Anatomy,  McGill  University,  Montreal,  Canada 

SEVERAL  authors  have  observed  the  presence  of  iodine  in  the  hair  of 
mammals  (Elmer,  1938;  p.  82).  The  quantity  of  iodine  per  100  gm.  of 
hair  was  found  to  be  0,108  mg.  in  man  (von  Fellenberg,  1926),  from  0.008 
to  0.053  mg.  in  the  rabbit  (Maurer  and  Ducrue,  1928),  and  0.437  mg.  in 
the  albino  rat  (Leblond,  1951).  In  the  last  case,  the  concentration  of  iodine 
in  hair  was  about  100  times  greater  than  in  other  organs. 

It  is  well  known  that  abnormalities  of  the  fur  and  particularly  a  pro¬ 
nounced  retardation  of  hair  growth  occur  after  thyroidectomy  and  that 
normalcy  can  be  restored  by  administration  of  thyroid  preparations  (Har- 
ington,  1928).  It  was  a  reasonable  possibility  that  the  thyroid  hormone 
had  to  be  present  within  the  hair  to  produce  its  growth-promoting  effect. 
The  hormone  would  thus  provide  the  hair  iodine  (by  weight  thyroxine  is 
65%,  and  tri-iodothyronine,  58%  iodine). 

The  present  investigation  was  undertaken  to  test  this  hypothesis,  and 
more  generally  to  determine  the  chemical  nature  of  the  hair  iodine. 

EXPERIMENTAL 

The  iodine  estimation  method  used  in  this  work  was  a  modification  of 
the  techniques  described  by  Chaney  (1940),  Barker  (1948),  and  Gross 
(1949).  Firstly,  the  distribution  of  iodine  was  examined  in  three  adult  fe¬ 
male  rats  weighing  290-310  gm.  These  animals  had  been  raised  on  Purina 
Fox  Chow,  but  they  were  fasted  for  twelve  hours  before  sacrifice  to  reduce 
possible  variations  due  to  ingestion  of  different  amounts  of  food.  The  io¬ 
dine  distribution  (Table  1)  showed  that  the  brain  contained  the  least,  mus¬ 
cle  somewhat  more,  and  other  tissues  such  as  liver,  thymus,  etc.,  a  slightly 
greater  amount  of  iodine.  On  the  other  hand,  the  hair  contained  approx¬ 
imately  100  times  as  much  iodine  as  these  tissues,  namely,  0.375  mg.  per 
100  gm.  (The  thyroid  contained  155  mg.  of  iodine  per  100  gm.,  that  is, 
several  100  times  more  than  the  hair.) 

Since  these  animals  had  been  fed  on  Purina  Fox  Chow — a  diet  contain¬ 
ing  0.230  mg.  of  iodine  per  100  gm.  and  supplying,  therefore,  about  ten  times 
the  normal  iodine  requirement  of  the  rat — their  urine  presumably  con- 
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Table  1.  Mean  iodine  content  of  organs  and  tissues  in 

THREE  ADULT  FEMALE  RATS 
(mg.  iodine  per  100  gm.  tissue) 


Brain  0.001 

Muscle  — cardiac  0.0011 

— skeletal  0.002 

Ovaries  0 . 005 

Lymphoid  tissue— thymus  0.000 

— lymph  nodes  0.004 

— spleen  0.007 

Liver  0.007 

Kidney  0.007 

Lung  0.008 

Plasma  0 . 008 

Hair  0.375 


tained  a  relatively  large  amount  of  iodine.  In  a  previous  investigation  (Le- 
blond,  1951)  0.039  mg.  of  iodine  per  100  cc.  of  urine  was  observed.  Inas¬ 
much  as  the  three  animals  had  been  housed  in  one  cage,  the  hair  might 
easily  have  been  contaminated  by  the  excreta.  The  apparent  iodine 
content,  therefore,  could  have  been  due  to  such  contamination.  This 
possibility  was  examined  in  a  second  experimental  series  composed  of  six 
male  rats  weighting  from  177-256  gm.  These  animals  were  kept  in  individ¬ 
ual  cages  which  were  replaced  every  other  day.  A  two  inch  wide  strip  along 
the  midline  of  the  backs  of  the  animals  was  shaved.  When  new  hair  had 
grown  in,  this  area  was  cleansed  with  1%  Dupanol,  rinsed  with  water,  and 
about  50  mg.  of  the  new  hair  was  plucked  and  then  analyzed  for  iodine. 
The  mean  iodine  content  of  this  hair,  0.402  mg.  per  100  gm.,  was  not  sig¬ 
nificantly  different  from  that  observed  in  the  animals  of  the  first  experi¬ 
ment.  Since  under  these  conditions  the  hair  should  not  have  been  contam¬ 
inated  by  urine,  it  was  concluded  that  the  estimated  iodine  was  an  actual 
component  of  the  hair. 

Thirdly,  to  determine  the  chemical  nature  of  the  hair  iodine,  each  of  the 
latter  six  animals  was  injected  with  20  juc.  of  radio-iodine  daily  for  five  days. 
Again  the  hair  was  cleansed  as  described  above  and  plucked.  The  hair  was 
extracted  with  butyl  alcohol  (with  or  without  previous  softening  by  sodium 
hydroxide).  The  butyl  alcohol  extract,  was  evaporated  to  dryness  and  the 
residue  chromatographed  (for  method,  see  Gross  and  Leblond,  1951).  The 
chromatograms  revealed  that  radioactivity  was  present^  and  was  com¬ 
posed  wholly  of  iodide  without  any  thyroxine  or  triiodothyronine  being 


‘  The  possibility  of  damage  to  growing  hair  in  therapeutic  use  of  radioiodine  should 
be  considered. 


106 


LEBLOND 


Volume  54 


present.  Thus,  the  hair  iodine  did  not  consist  of  organically  bound  iodine 
which  had  l)een  taken  up  by  the  hair  while  exerting  its  hormonal  effect. 

Another  reasonable  possibility  was  that  the  effect  of  thyroxine  on  hair 
growth  was  associated  with  its  breakdown  to  iodide  within  the  hair,  and 
that  this  iodide  was  held  therein.  This  theory  was  tested  by  attempting  to 
rid  the  animal  body  of  thyroxine  by  thyroidectomy.  Accordingly,  in  the 
fourth  experiment,  seven  thyroidectomized  and  seven  intact  control  male 
rats  weighing  100-150  gm.  were  kept  for  6  weeks  after  operation  on  a  diet 
of  Purina  Fox  Chow.  The  rate  of  hair  growth  was  much  slower  in  thyroid¬ 
ectomized  than  in  control  animals.  However,  the  iodine  content  of  the  re¬ 
generating  hair  was  the  same  in  both  groups,  namely,  an  average  of  0.399 
and  0.366  mg,  of  iodine  per  100  gm.  of  hair  in  thyroidectomized  and  control 
animals  respectively.  Furthermore,  in  both  groups,  chromatography  of 
the  hair  after  radioiodine  injection  revealed  that  the  radioactivity  pres¬ 
ent  was  again  wholly  in  the  form  of  iodide.  It  was  concluded  that,  regard¬ 
less  of  the  amount  of  hair  formed,  the  quantity  of  iodide  therein  was  con¬ 
stant  and  was  not  influenced  by  the  level  of  endogenous  thyroid  hormone. 

Since  Purina  Fox  Chow  provides  ten  times  the  normal  requirement  of 
the  rat,  the  high  iodine  content  of  the  hair  may  simply  reflect  the  high  di¬ 
etary  intake.  Normal  and  thyroidectomized  rats  were,  therefore,  fed  Rem¬ 
ington’s  low  iodine  diet  No,  342  (1937)  to  which  10%  yeast  had  been  add¬ 
ed.  After  two  months  the  hair  was  analyzed.  In  the  thyroidectomized 
group,  the  hair  contained  only  0.055  mg.  of  iodine  per  100  gm.  on  the  aver¬ 
age.  This  small  amount  was  not  due  to  the  absence  of  thyroid  hormone, 
since  an  even  smaller  amount  was  found  in  the  intact  controls,  namely, 
0.006  mg.  of  iodine  per  100  gm.  of  hair  on  the  average.  It  was  concluded 
that,  in  both  types  of  animals,  the  low  iodine  concentration  of  the  hair  re¬ 
flected  a  low  level  of  circulating  iodide  resulting  from  the  low  iodine  con¬ 
tent  of  the  diet.  In  intact  controls,  the  swift  uptake  of  iodide  by  the  thyroid 
would  further  reduce  the  amount  of  circulating  iodide  available  to  the  hair. 

In  conclusion,  it  is  felt  that  the  iodine  content  of  the  hajr  might  be  used 
as  a  practical  index  of  the  amount  of  circulating  iodide  in  the  rat.^ 

SUMMARY 

The  hair  of  Purina  Fox  Chow  fed  rats  contains  a  relatively  high  concen¬ 
tration  of  iodine  in  the  form  of  iodide.  The  level  of  iodine  in  the  hair  seems 
to  be  related  to  the  iodine  content  of  the  diet. 


*  Whether  clipped  (1st  experiment)  or  plucked  (2nd,  3rd,  and  4th' experiment),  the 
hair  contained  approximately  the  same  amount  of  iodine.  Iodide  is  presumably  diffused 
throughout  the  entire  length  of  the  hair 
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EFFECT  OF  PROLACTIN  ON  THE  PHOSPHATASE 
ACTIVITY  OF  PIGEON  CROP-SAC 

Increases  in  enzymatic  activity  and  in  certain  cellular  constituents  of  the  pigeon  crop- 
sac  have  been  noted  previously  as  accompaniments  of  hormonally  induced  hypertrophy 
of  this  organ.  McShan  et  al.  (1950)  observed  increases  in  succinic  deliydrogenase  activity 
and  in  the  nucleic  acids  of  pigeon  crop  glands  as  a  result  of  prolactin  administration. 
More  recently  Brown  et  al.  (1951),  studying  the  phosphorus  metabolism  ot  pigeon  crop- 
sac  with  the  aid  of  radiophosphorus,  noted  increases  in  the  amounts  as  well  as  the  spe¬ 
cific  activities  of  several  phosphate  fractions  following  injection  of  the  lactogenic  hormone. 
The  present  report  describes  the  finding  of  relatively  high  concentrations  of  acid  phos¬ 
phatase  in  the  crop-sacs  of  pigeons  injected  with  prolactin. 

MATERIALS  AND  METHODS 

White  Carneau  pigeons  of  either  .sex  weighing  between  300  and  500  gm.  were  injected 
intramuscularly  with  a  standard  prolactin  preparation  containing  6.9  ±0.6  i.u.  per  mg.  The 
prolactin  preparation  used  contained  less  than  5%  each  of  growth  hormone,  adrenocortico- 
trophic  hormone,  thyroid  stimulating  hormone,  luteinizing  hormone  and  follicle  stimulating 
hormone  when  bioassayed  against  highly  purified  preparations  of  the  latter  hormones  in 
standard  assay  procedures.  One  group  was  injected  with  0.5  mg.  or  3.5  i.r.  once  daily  for 
four  days,  while  the  second  group  received  2.0  mg.,  or  14.0  i.u.  daily.  third  group  injected 
with  normal  saline  served  as  controls.  The  pigeons  were  fasted  overnight  prior  to  sacrifice. 

Sixteen  to  twenty  hours  after  the  last  injection  the  pigeons  were  sacrificed  by  decapitation 
and  the  paired  crop-sacs  removed  and  weighed.  After  a  brief  rinsing  in  tap  water  the  tissues 
were  homogenized  in  a  Waring  blender  with  20  volumes  of  normal  saline.  Aliquots  were  then 
used  for  the  phosphatase  determinations. 

Phosphatase  activity  was  determined  using  the  method  described  by  Huggins  and  Talaly 
(1948).  In  this  method  the  amount  of  phenolphthalein  liberated  by  phosphatase  from  a 
buffered  solution  of  the  colorless  substrate,  sodium  phenolphthalein  phosphate,  is  determined 
colorimetrically.  Acid  phosphatase  activity  was  determined  by  incubating  at  37°  C.  for  one 
hour  duplicate  0.5  ml.  aliquots  of  the  tissue  homogenate  with  5.0  ml.  aliquots  of  pH  5.4 
acetate  buffer.  Determinations  of  alkaline  phosphatase  activity  were  made  in  the  same 
manner  except  that  a  sodium  barbital  buffer  (pH  9.6)  was  used.  The  buffer  solutions  in  both 
cases  were  0.001  .\f  with  respect  to  the  substrate.  Immediately  after  the  incubation  period 
5.0  ml.  of  glycine  buffer  (pH  11.2),  containing  pyrophosphate  as  a  phosphata.se  inhibitor, 
was  added.  The  amount  of  phenolphthalein  liberated  was  then  measured  in  an  Evelyn  photo¬ 
electric  colorimeter  at  540  m/i. 

RESULTS  AND  DISCUSSION 

No  notable  increases  in  alkaline  phosphata.se  activity  were  obseA-ed  following  the 
injection  of  prolactin,  as  may  be  seen  from  Table  1,  although  significant  increases  in  the 
crop-sac  weights  did  occur.  The  lack  of  variation  in  the  tissue  weights  of  this  group  was 
due  to  the  selection  of  the  glands  prior  to  the  determinations  in  order  to  provide  a  more 
uniform  group.  The  relatively  high  variation  in  the  values  given  for  alkaline  phosphatase 
activity,  as  indicated  by  the  high  standard  deviations,  can  be  attributed  to  the  small 
amounts  of  alkaline  phosphatase  activity  found  in  this  experiment. 

Acid  phosphatase  activity,  on  the  other  hand,  was  found  to  increase  markedly  after 
prolactin  administration.  The  increases  appeared  to  be  related  to  the  dose  of  prolactin 
administered.  The  low  dose  produced  more  than  a  six-fold  increase  in  the  acid  phospha- 
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Table  1.  Effect  of  prolactin  on  alkaline  and  acid  phosphatase 

ACTIVITY  OF  PIGEON  CROP-SACS 


Treatment 

No.  of  animals 

Weight  of  crop- 
sac,  gm. 

Phos  phata.se 
activity* 

Alkaline  Phosphatase 

Normal  Saline 

3 

1.2+0. 2 

0.3±0.2 

Prolactin,  3.5  i.u. 

3 

2. 3+0.1 

0.4±0.1 

Prolactin,  14.0  i.u. 

3 

3.2±0.0 

0.1  ±0.2 

Acid  Phosphatase 

Normal  Saline 

7 

1.3 +0.1 

0.6+0. 3 

Prolactin,  3.5  i.u. 

9 

2.1  ±0.7 

4.0±1.8 

Prolactin,  14.0  i.u. 

9 

3.1  +1.0 

7.3±1.5 

*  Activity  expressed  as  phenolphthalein  liberated  per  ml.  per  gram  of  wet  tissue. 

Values  for  crop-sac  weight  and  phosphatase  activity  are  mean  values  plus  or  minus  the 
standard  deviation. 

tase  activity,  while  the  high  dose  produced  a  twelve-fold  increase  over  that  observed  in 
the  crop-sacs  of  the  controls.  Since  the  phosphatase  activity  is  calculated  on  a  per  gram 
of  tissue  basis,  it  is  evident  that  acid  phosphatase  activity  can  be  used  as  a  sensitive  in¬ 
dicator  of  crop-sac  growth.  The  relation  between  the  do.se  of  administered  prolactin  and 
the  increase  in  acid  phosphatase  activity  as  compared  with  the  dose  vs.  increase  in  crop- 
sac  weight  suggests  that  the  former  relationship  might  provide  a  more  precise  method 
for  evaluating  prolactin  potency. 

The  fact  that  the  prolactin  preparation  used  was  relatively  low  in  its  contamination 
with  the  known  pituitary  trophic  hormones  and  the  fact  that  the  increased  activity  was 
associated  with  crop-sac  growth,  which  is  principally,  if  not  entirely,  under  the  control 
of  prolactin  (Bates  and  Riddle,  1939)  suggest  that  this  action  of  prolactin  might  be 
specific.  However,  the  effect  of  other  pituitary  trophic  hormones  or  of  such  end  organ 
secretory  products  as  the  gonadal  and  adrenocortical  steroids  and  thyroxin  should  be 
tested  by  making  local  intradermal  injections  of  these  substances  over  the  crop-sacs,  in 
order  to  determine  more  completely  the  specificity  of  this  action  of  prolactin. 

The  marked  increases  in  acid  phosphatase  activity  suggest  that  this  enzyme  may  be 
important  in  the  growth  of  the  gland  or  more  directly  in  its  role  of  supplying  nutriment 
for  the  young,  or  both.  It  should  be  mentioned  in  this  latter  connection  that  preliminary 
results  have  indicated  that  the  crop  “milk”  also  contains  high  concentrations  of  acid 
phosphatase  activity.  No  study  was  made  here  of  the  specificities,  pH  optima,  or  be¬ 
havior  toward  metal  ions  of  the  enzyme  (or  enzymes)  responsible  for  acid  phosphatase 
activity. 

SUMMARY 

Intramuscular  administration  of  prolactin  to  pigeons  produced  increases  in  acid 
phosphatase  activity  of  the  croji-sac  which  were  proportional  to  the  injected  dose. 

No  significant  increases  in  alkaline  phosphatase  activity  of  the  crojj-sac  were  observed 
under  the  conditions  of  the  above  experiment. 

J.  J.  Kocsis  AND  L.  G.  Abood* 

Department  of  Pharmacology 
The  University  of  Chicago 
Chicago,  Illinois 

*  Present  address;  Illinois  Neuropsychiatric  Institute,  The  University  of  Illinois  Col¬ 
lege  of  Meilicine,  Chicago,  Illinois. 
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ACCURATE  ORAL  MEDICATION  TO  RATS  WITHOUT 
USING  THE  STOMACH  TUBE 

At  a  time  when  medicine  is  paying  more  and  more  attention  to  psychosomatic  in¬ 
fluences,  physiology  often  is  still  placing  too  much  emphasis  on  accurate  gadgets  of 
measurements  with  disregard  of  the  psychological  status  of  the  object  to  be  observed, 
the  animal. 

To  take  the  heart  rate  of  a  rat,  the  animal  should  be  quiet  and  comfortable.  If  two 
safety  pins  are  pushed  through  the  skin  as  a  pickup  for  the  electrocardiogram,  as  has 
been  described  in  the  literature,  the  best  instrument  cannot  compensate  for  the  increased 
heart  rate  in  the  tortured  animal.  Overheating  an  animal  to  take  changes  in  blood  pres¬ 
sure  in  the  tail  will  not  yield  readings  of  any  value,  even  if  agreement  between  various 
animals  should  be  found.  Identical  errors  may  cause  identical  deviations. 

It  is  customary  to  measure  the  effect  of  a  hormone  or  other  substance  on  the  meta¬ 
bolic  rate  either  after  parenteral  injection  or  after  application  by  stomach  tube.  By 
closely  observing  the  behavior  of  our  animals,  we  susjiected  that  these  traumatic  expe¬ 
riences  might  have  some  influence  on  the  outcome  of  the  experiments.  On  three  consecu¬ 
tive  days  we  therefore  gave  some  rats  injections  of  physiological  saline;  others  received 
sugar  solution  by  stomach  tube.  Three  of  ten  injected  rats  showed  in  determinations  on 
the  fifth  day  increased  metabolic  rates  of  about  20%.  The  stomach  tube  evidently  was 
more  offensive;  of  12  rats  8  showed  metabolic  increases  of  about  25%.  The  metabolic 
measurements  were  still  high  after  one  week.  It  seems  that  the  treated  animals  were  ap¬ 
prehensive  of  any  handling,  and  that  this  effect  lasted  for  the  time  of  metabolic  deter¬ 
mination,  which  was  carried  on  for  about  90  minutes. 

Since  admixing  the  medication  to  the  diet  does  not  permit  accurate  dosage  because  of 
spilling  and  varying  tood  intake,  we  devised  the  following  method :  plastic  dishes,  as  used 
for  water  color  painting,  about  6  cm.  in  diameter  with  a  smooth  concave  hollow,  were 
provided  with  a  rim  of  aluminum  sheet  of  about  1  cm.  width  to  prevent  the  animal  from 
putting  his  paws  into  the  dish.  A  few  cubic  centimeters  of  a  mixture  of  evaporated  milk 
and  sugar  syrup  was  placed  into  the  hollow  of  the  dishes,  and  these  then  were  placed 
into  the  cages  of  the  animals,  which  had  been  starved  for  at  least  four  hours.  The  rats 
learned  very  quickly  about  this  treat,  and  soon  went  eagerly  after  it,  licking  the  dish 
clean.  When  treatment  is  intended  the  substance  to  be  tested  is  weighed  into  the  cups, 
the  milk-sugar  mixture — about  3  cc.,  is  added  and  the  substances  are  mixed  with  a  small 
glass  rod.  When  all  is  consumed,  another  2  cc.  is  given  and  stirred  with  the  same  glass 
rod  to  resuspend  any  material  that  might  have  adhered  to  the  rod  or  the  surface  of  the 
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dish.  We  found  in  a  large  number  of  experiments  that  less  than  1%  of  the  rats  failed  to 
ingest  the  medication  completely. 

Arthur  E.  Meyer 

Research  Division 

Fellows  Pharmaceutical  Laboratories 
26  Christopher  Street 
New  York  14,  N.  T. 
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THE  EFFECT  OF  SOMATOTROPHIC  HORMONE  ON  THE  GROWTH 
OF  NORMAL  AND  HYPOPHYSECTOMIZED  GUINEA  PIGS^ 

In  1921,  Evans  and  Long  demonstrated  an  accelerated  growth  in  rats,  treated  with  a 
simple  saline  extract  of  ox  pituitary.  Since  that  time,  more  highly  purified  preparations 
of  pituitary  growth  hormone  (somatotrophic  hormone,  STH)  have  been  obtained  by 
several  investigators  (Li  et  al.,  1944,  1945;  Wilhelmi  et  al.,  1948;  Raben  et  al.,  1951). 

Thus  far,  exogenously  administered  STH  has  produced  anabolic  responses  in  rats 
(Evans  and  Long,  1921),  mice  (Downs,  1930),  dogs  (Teel  and  Watkins,  1929;  Gaebler 
et  al.,  1951),  cats  (Young,  1946;  Milman,  1950),  pigeons  (Marx  et  al.,  1942),  ferrets 
(Young,  1946),  goats  (Young,  in  press),  and  cows  (Young,  1947;  Cotes  et  al.,  1949). 
Other  investigators  found  equivocal  results  in  the  monkey  (Adamkiewicz  and  Guillemin, 
1952),  in  the  guinea  pig  (Silberberg,  1935),  and  in  man  (Raben  et  al.,  1952;  J.  S.  L. 
Browne,  in  press). 

Recent  work,  done  at  this  Institute,  failed  to  reveal  any  inhibition  by  STH  of  stress- 
induced  catabolism  in  the  guinea  pig  (Tonutti  et  al.,  1952).  In  the  rat,  on  the  other  hand, 
STH  has  been  used  successfully  for  the  prevention  of  the  catabolic  phenomena  brought 
on  by  stress  (Selye,  1951). 

Hence  it  seemed  of  interest  to  examine  whether  STH  has  any  growth  promoting 
activity  either  in  normal  or  in  hypophysectomized  guinea  pigs. 

MATERIALS  AND  METHODS 

Thirty-five  guinea  pigs  (males  and  females)  weighing  between  240-300  gm.,  were  used. 
Eleven  of  the  animals  were  hypophysectomized  (parapharyngeal  approach,  ether  anesthesia), 
two  weeks  prior  to  the  initiation  of  the  STH  injections. 

Five  of  the  hypophysectomized  animals  served  as  control;  the  other  6  received  3.0  mg. 
of  STH  daily. 

The  remaining  24  intact  guinea  pigs  were  divided  into  four  groups;  of  these,  one  was  used 
as  the  control,  while  the  others  were  given  respectively  0.25  mg.,  1.0  mg.,  and  3.0  mg.,  of 
STH  daily. 

Since  the  guinea  pig  is  notoriously  sensitive  to  thyrotrophic  hormone,  we  employed  an 
STH  preparation  (Armour  and  Co.,  Lot  No.  BGH  369  208)  which  both  in  the  rat  and  in  the 
guinea  pig  proved  to  be  virtually  devoid  of  contaminating  thyrotrophic  activity.  Yet  this 
same  preparation  proved  to  be  highly  growth  promoting  as  judged  by  our  own  bioassays  on 
the  rat. 

A  saline  solution  of  the  STH  was  made  up  freshly  every  other  day  and  administered 
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subcutaneously  in  two  equal  daily  divided  doses  for  ten  consecutive  days.  The  animals  were 
sacrificed  on  the  eleventh  day. 

The  diet  consisted  of  “purina  fox  chow,”  su^lemented  with  large  amounts  of  carrots, 
oats,  hay  and  cabbage.  Water  was  given  ad  lib.  The  room  temperature  was  approximately 
24”  C. 

Body  weights  were  recorded  daily  throughout  the  entire  experiment. 


BE.SULTS 

The  results  are  summarized  in  Figures  1  and  2.  Figure  1  shows  that  at  all  dose  levels 
used  in  the.se  experiments,  STH  failed  to  promote  somatic  growth  rn  the  intact  guinea  pig. 

Figure  2  reveals  that  in  the  hypophysectomized  guinea  pig,  STH  not  only  failed  to 
promote  growth,  but  apparently  caused  a  diminution  of  body-weight  as  compared  with 
the  non-hormone-treated  hypophysectomized  controls.  It  should  be  noted  that  in  contra¬ 
distinction  to  such  animals  as  the  mouse,  rat,  dog  and  cat,  there  is  no  immediate  cessa¬ 
tion  of  growth,  after  hypophysectomy  in  the  guinea  pig.  Instead,  a  very  slow  and 
fluctuating  increase  in  weight  takes  place  over  a  period  of  several  months. 

We  might  add,  that  the  thyroid,  adrenal,  liver  and  spleen  of  the  STH  treated  hy¬ 
pophysectomized  guinea  pigs,  likewise  failed  to  show  any  increment  in  size  during  the 
period  of  observation.  Completeness  of  hypophysectomy  was  confirmed  by  inspection 
with  a  magnifying  glass. 

DISCUSSION 

It  is  a  well-known  fact  that  even  the  best  STH  preparations  now  available  are  singu¬ 
larly  ineffective  in  causing  anabolism  or  promoting  growth  in  man.  It  may  be  useful  to 


Fig.  1 .  Effect  of  STH  on  somatic  growth  of  normal  guinea  pigs. 
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Fig.  2.  Effect  of  STH  on  the  somatic  growth  of  hypophysectomizeil  guinea  pigs. 


liave  an  experimental  animal  which  resembles  man  in  its  apparent  irresponsiveness  to 
the  growth-promoting  effect  of  STH.  Since  several  actions  of  STH  are  largely  dependent 
upon  “conditioning  factors”  (e.g.,  diet,  simultaneous  treatment  with  steroids),  the 
guinea  pig  may  furnish  us  with  a  welcome  experimental  test  object  in  which  to  explore 
such  possibilities  by  large-scale  experiments. 

SUMM.\RY 

Neither  intact,  nor  hypophysectomized  guinea  pigs  showed  any  somatic  growth,  or 
organ  weight  changes  under  the  influence  of  varying  doses  of  partially  purified  STH, 
which  had  proved  highly  active  in  the  rat. 

M.  L.  Mitchkll* 

R.  Guillkmin’ 

H.  Selye 

From  the  Institut  de  Medccine  ct  chirurgie  experimentales, 

Universite  de  Montreal 
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EFFECTS  OF  PINEALECTOMY  ON  OVARY  WEIGHT  IN  IMMATURE 

RATS 

The  first  report  that  pinealectomy  in  the  immature  rat  causes  statistically  significant 
ovarian  hypertrophy  was  presented  by  Izawa  (1926),  who  operated  on  ten  20-day-old 
rats  of  the  Wistar  strain.  He  determined  ovary  weights  at  85  days  and  found  the  mean 
weight  to  be  significantly  greater  than  that  of  an  equal  number  of  control  rats.  This 
observation  was  recently  confirmed  by  Simonnet,  Thieblot  and  Melik  (1951).  These 
workers  prepared  three  series  of  pinealectomized  rats,  each  of  which  included  7  to  11 
experimental  animals;  they  operated  at  22  days  of  age  and  examined  the  ov^aries  at  55 
to  60  days. 

On  the  other  hand,  several  investigators  have  published  discordant  results  which 
have  engendered  skepticism  about  the  existence  of  a  pineal-gonadal  relation.  Reports 
that  pinealectomy  caused  no  change  in  ovary  weight  have  been  generally  accepted,  de¬ 
spite  the  fact  that  most  of  these  workers  studied  very  small  numbers  of  pinealectomized 
rats.  For  example,  Kanamori’s  finding  (1942)  of  no  change,  as  determined  59  days  after 
operation,  was  based  on  a  study  of  only  four  40-  to  50-gram  albino  rats.  Other  workers 
used  only  1  or  2  animals.  The  negative  results  of  the  remaining  experiments  are  not 
pertinent,  in  that  ovary  weights  were  measured  well  beyond  the  age  of  normal  sexual 
maturation.  An  example  is  afforded  by  the  work  of  Renton  and  Rusbridge  (1933),  who 
pinealectomized  26-day-old  rats  and  autopsied  them  at  340  days.  Since  such  fragmentary 
or  irrelevant  data  can  hardly  be  regarded  as  valid  evidence,  further  investigation  of  the 
problem  is  indicated.  Accordingly,  the  preliminary  studies  described  below  were  under¬ 
taken. 
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MATERIALS  AND  METHODS 

Female  rats  of  the  Sprague-Dawley  and  Wistar  strains  were  pinealectomized  at  21,  26, 
or  30  days  of  age.  Autopsy  was  performed  at  50  days,  at  which  time  body  and  ovary  weights 
were  determined.  The  animals  considered  were  those  in  which  completeness  of  excision  and 
absence  of  infection  could  be  demonstrated.  The  technique  of  pinealectomy  employed  was 
a  modification  of  that  reported  by  Borell  (1947).  Alternate  animals  were  sham-operated,  i.e., 
the  identical  procedure  was  “followed  throughout  but  the  pineal  gland  was  not  removed. 
.\fter  operation  the  rats  were  housed  in  an  air-conditioned  room  in  cages  that  accommodated 
10  animals  each.  Pinealectomized  and  control  animals  were  quartered  in  random  order.  Diet 
consisted  of  Purina  Laboratory  Chow  and  water  supplied  ad  libitum. 

RESULTS  AND  DISCUSSION 

The  mean  body  and  ovary  weights  for  the  four  experiments  jierformed  are  presented 
in  Table  1.  The  difference  in  mean  ovary  weights  observed  in  the  first  series  is  statis¬ 
tically  significant;  it  suggests  that  pinealectomy  at  30  days  causes  ovarian  hypertrophj' 
at  50  days.  The  second  and  third  series,  in  which  operation  was  performed  at  21  days, 


Table  1.  Effects  of  pinealectomy  at  various  ages  on  mean  ovary 
WEIGHT  AT  50  DAYS 


Series 

.\ge  at 
operation 
(days) 

Experimental 

group 

No.  of 
rats 

Ovary  wt. 
±S.E.* 
(mg.) 

P 

Body  wt. 
±S.E.* 
(g-) 

P 

I 

30 

Pinealectomized 

8 

51.2+3.2 

<  .01 

149+3.7 

>  .05 

Sham-operated 

8 

39.8  ±2.0 

138±5.5 

II 

21 

Pinealectomized 

10 

52.4+2.8 

>  .05 

161  +3.5 

>  .05 

Sham-operated 

10 

55.8±3.5 

169+5.2 

III 

21 

Pinealectomized 

9 

48.8  +  4.0 

>  .05 

147+5.1 

>  .05 

Sham-operated 

9 

39.9+4.5 

143+6.7 

IV 

26 

Pinealectomized 

32 

42.6  +  1.4 

<  .01 
>  .05 

128+2.1 

>.05 

^  05 

Sham-operated 

32 

35.7±1.6 

129+2.2 

Intact  control 

32 

36.2  +  1.5 

125  +  1.9 

*  Mean  ±  Standard  Error  of  the  Mean. 

Note: 

Series  I:  Sprague-Dawley  rats  supplied  by  Holtzman  Rat  Co.,  Madison,  Wisconsin. 
Series  II  and  III:  Sprague-Dawley  rats  supplied  by  Charles  River  Breeding  Laboratories, 
Boston,  Massachusetts. 

Series  IV:  Wistar  rats  supplied  by  Carworth  Farms,  New  York  City,  New  York. 


yielded  results  that  were  not  statistically  significant,  although  the  difference  in  mean 
ovary  weights  in  Series  III  apjnoximated  that  obtained  in  Series  I.  In  view  of  these  con¬ 
tradictory  findings  a  fourth  series  was  prepared;  a  larger  number  of  animals  was  used, 
and  an  intact  control  group  was  included  as  a  test  of  the  nonspecific  effects  of  surgery. 
Analyses  of  variance  and  covariance  demonstrated  (a)  that  the  mean  ovary  weight  of  the 
pinealectomized  group  was  significantly  greater  than  that  of  either  of  the  two  control 
groups  and  (b)  that  the  significance  of  these  differences  was  independent  of  variations  in 
body  weight.  No  significant  difference  was  observed  between  the  sham-operated  and  the 
intact  control  groups.  Histologic  examination  of  the  ovaries  in  this  last  series  revealed  no 
consistent  differences  among  the  three  groups.  Pinealectomy  caused  no  significant 
change  in  body  weight  in  any  series. 

Several  comments  are  suggested  by  these  findings.  First,  the  ovarian  hypertrophy 
observed  was  not  marked;  consistent  demonstration  of  such  small  differences  would  re- 
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quire  the  use  of  numbers  of  animals  so  large  as  to  minimize  individual  variability.  Sec¬ 
ondly,  the  age  at  operation  and  the  duration  of  pineal  deficiency  varied  among  the  four 
experiments  performed.  The  possible  significance  of  these  various  time  intervals  cannot 
be  determined,  since  the  rats  used  were  of  different  strains  and  had  been  obtained  from 
three  sources. 

SUMMARY 

Pinealectomy  in  the  immature  rat  at  26  to  30  days  resulted  in  ovarian  hypertrophy 
at  50  days.  However,  operation  at  21  days  produced  no  significant  change. 
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STIMULATION  OF  THE  SECRETORY  GLANDS  OF  THE  SKIN 
OF  THE  SOUTH  AFRICAN  FROG  (Xenopus  laevis) 

During  some  studies  on  ovulation  in  Xenopus  laevis  it  was  noted  that  injections  of 
saline  extracts  of  whole  pituitary  glands  of  a  number  of  different  species  {Rana  cates- 
beiana,  Rana  pipiens,  rat,  sheep,  opossum,  rabbit  and  cat)  caused  the  release  of  a  copious 
exudate  from  the  skin.  The  response  was  characterized  by  a  local  reaction  at  the  site  of 
injection  (dorsal  lymph  sac)  within  30  seconds  to  2  minutes  and  a  second  reaction  which 
appeared  as  a  generalized  secretion  over  the  dorsal  area  of  the  body,  head  and  legs  and 
occurred  within  2  to  15  minutes  after  the  injection.  The  secretion  was  discharged  through 
numerous  pores  in  the  skin  and  formed  a  cloudy,  white  film  over  the  animal  which  was 
eventually  sloughed  off  into  the  water. 

Since  the  extracts  of  whole  pituitary  glands  appeared  to  cause  the  release  of  this 
.‘secretion  it  was  decided  to  compare  the  activity  of  a  number  of  pituitary  fractions.  The 
results  reported  below  are  based  on  the  minimal  effective  dose  required  to  produce  the 
generalized  secretion  as  noted  visually.  In  view  of  the  fact  that  this  response  was  not  ob¬ 
served  in  the  frog  injected  with  saline  alone,  it  was  possible  to  determine  threshold  doses 
for  different  substances.  Consequently,  the  response  was  regarded  as  an  all  or  none  phe¬ 
nomenon  in  these  observations  and  the  activities  of  the  various  substances  was  deter¬ 
mined  by  using  a  graded  series  of  dilutions. 

Treatment  with  a  number  of  pituitary  preparations  revealed  that  the  activity  resided 
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in  the  posterior  pituitary.  Although  considerable  variation  in  response  was  obtained,  the 
minimal  effective  dose  for  pitressin  was  0.005  p.u.,'  for  pitocin  0.05  i.u.*  and  pituitrin 
0.005  i.u.  Further  tests  revealed  that  epinephrine  was  effective  at  0.05  fig,  but  that  his¬ 
tamine  (0.5  mg.)  and  extracts  of  nerve  or  muscle  were  ineffective.  Epinephrine  was 
effective  in  vitro  at  1:10,000  using  frog  Ringer’s  and  pieces  of  skin  removed  from  the 
dorsum  of  recently  killed  frogs. 

Histological  study  of  the  skin  showed  numerous  poison  and  mucous  glands  sur¬ 
rounded  by  a  layer  of  smooth  muscle.  Both  the  number  of  glands  and  the  amount  of 
smooth  muscle  present  appeared  to  be  greater  in  Xenopus  than  in  Rana  pipiens  (see 
Holmes  for  description  of  Rana  pipiens).  Following  stimulation,  some  of  these  glands 
could  be  seen  with  their  contents  either  completely  or  partially  evacuated.  It  is  sug¬ 
gested  that  both  types  of  glands  contribute  to  the  cutaneous,  secretory  reaction  and  that 
the  release  of  the  gland  content  is  due  to  the  contraction  of  the  smooth  muscle. 

Tests  on  the  secretion  itself  showed  that  the  material  is  very  soluble  in  dilute  or  con¬ 
centrated  acetic  acid  and  insoluble  in  nitric  acid.  It  is  also  soluble  in  tap  water  if  per¬ 
mitted  to  stand  for  several  days.  Strongly  positive  tests  were  obtained  with  both  the 
Millon  and  Hopkins-Cole  reagents. 


CONCLUSIONS 

The  release  of  a  secretory  exudate  from  the  skin  of  the  frog  Xenopus  laevis  appears 
to  be  effected  by  vasopressin  and  epinephrine. 

J.  W.  Bastian* 
M.  X.  Zarrow 

Department  of  Biological  Sciences 
Purdue  University 
Lafayette,  Indiana 
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THE  1954  ANNUAL  MEETING 

The  Thirty-sixth  Annual  Meeting  of  The  Endocrine  Society  will  be  held 
in  the  Sir  Francis  Drake  Hotel,  San  Francisco,  California,  Thursday,  Fri¬ 
day,  and  Saturday,  June  17-18-19,  1954. 

Dr.  Roberto  F.  Escamilla,  655  Sutter  Street,  San  Francisco,  California, 
is  in  charge  of  the  local  arrangements  for  the  meeting. 

All  Scientific  Sessions  will  be  held  in  the  Sir  Francis  Drake  Hotel.  The 
rooms  in  which  each  session  will  be  held  will  be  announced  in  the  program 
and  on  the  hotel  bulletin  board.  The  annual  dinner  is  scheduled  for  Friday, 
June  19,  at  7:30  p.m.,  preceded  by  cocktails  at  6:30  p.m. 

All  members  are  urged  to  make  hotel  reservations  immediately  inasmuch 
as  the  hotels  expect  to  be  filled  to  capacity.  Make  reservations  directly 
with  the  Sir  Francis  Drake  Hotel,  advising  time  of  arrival  and  departure 
date.  Make  your  reservations  now  and  avoid  disappointment. 

Those  wishing  to  present  papers,  which  will  be  limited  to  ten  minutes, 
should  send  four  copies  of  the  title  and  abstract  to  the  Vice-President, 
Dr.  George  W.  Thorn,  Peter  Bent  Brigham  Hospital,  Boston,  Massa¬ 
chusetts,  not  later  than  Februarj'  1,  1954.  It  is  imperative  that  the  ab¬ 
stracts  be  informative  and  complete  with  results  and  conclusions  in  order 
that  they  may  be  of  reference  value  and  suitable  for  printing  in  the  program 
and  Journals  of  the  Society.  The  following  regulations  for  the  preparation 
of  abstracts  and  titles  must  be  carefully  followed  to  insure  consideration  of 
the  paper  for  the  program: 

1.  Abstracts  may  not  exceed  two  hundred  words,  or  equivalent  space, 
exclusive  of  title.  No  footnotes  nor  acknowledgements  to  sponsors 
can  be  published.  References,  if  used,  must  be  placed  in  the  body  of 
the  text.  The  abstract  should  consist  of  a  single  paragraph,  if  possible. 
Structural  chemical  formulas  cannot  be  used. 

2.  The  title  heading  must  be  arranged  as  follows: 

Line  1.  Title,  not  to  exceed  fifteen  words. 

Line  2.  Author /s.  The  name  of  each  non-member  author  collabo¬ 
rating  with  member-authors  is  to  be  follqwed  by  the  phrase 
“(by  invitation).”  Names  of  non-members  who  are  intro¬ 
duced,  i.e.,  who  are  not  collaborators  with  member-authors, 
are  to  be  followed  by  the  phrase  “(introduced  by  .  .  .).” 
The  principal  degree,  e.g.,  M.D.,  of  each  author  should  be 
given  after  his  name. 

Line  3.  Institution  of  origin  and  city  in  which  institution  is  located. 

3.  The  body  of  the  abstract,  typed  double-space,  should  follow  the  head¬ 
ing.  The  original  copy  should  be  on  bond  paper.  There  should  be 
three  copies. 

4.  'Abstracts  should  be  letter-perfect,  since  there  will  be  no  opportunity 
for  proof  reading  by  authors. 
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Hotel  reservations  can  be  made  through  the  San  Francisco  Convention 
and  Visitors’  Bureau,  Room  #300,  Civic  Auditorium,  San  Francisco,  Cali¬ 
fornia.  They  should  be  accompanied  by  the  official  AMA  application  form 
which  appears  during  December  of  1953  in  JAMA. 

Arrangements  have  been  made  for  members  of  this  society  who  do  not 
belong  to  the  AMA  to  be  assigned  rooms  during  the  days  of  the  meeting 
of  the  Endocrine  Society.  Applications  from  non-members  of  the  AMA 
should  specify  dates  of  arrival  and  departure  and  be  accompanied  by  a 
deposit  of  $10  per  room. 

Confirmations  will  not  be  sent  until  after  February  1,  1954,  but  appli¬ 
cations  should  be  made  promptly  in  order  to  insure  the  reservation. 

1954  AWARDS  AND  FELLOWSHIPS 

.Awards  and  Fellowships  presented  by  The  Endocrine  Society  carry  no 
obligation  by  the  recipient  to  the  Society  or  to  the  donors. 

FELLOWSHIPS 

Society  Fellowships  are  designed  to  assist  men  or  women  of  exceptional 
promise  in  furthering  their  educational  training  and  advancement  toward 
a  scientific  career  in  endocrinology.  Fellowships  may  be  awarded  to  an 
individual  who  possesses  the  Ph.D.  or  M.D.  degree  or  to  a  candidate  for 
either  of  these  degrees.  The  stipend,  which  will  not  exceed  $5,000,  may 
l)e  divided  into  two  Fellowships  in  varying  amounts,  in  accordance  with 
the  qualifications  of  the  appointee.  The  Committee  will,  in  reviewing  the 
proposed  program  of  study,  consider  the  amount  of  time  which  the  Fellow 
intends  to  spend  in  course  work  and/or  teaching.  He  must  present  evidence 
of  scientific  ability  as  attested  by  studies  completed  or  in  progress  and/or 
the  recommendation  of  responsible  individuals.  He  must  submit  a  program 
of  proposed  study,  indicate  one  or  more  institutions  where  the  proposed 
program  will  be  followed,  and  submit  statements  of  approval  from  the  in¬ 
vestigators  with  whom  he  proposes  to  conduct  his  research.  He  must  serve 
full  time  if  awarded  a  Fellowship.  A  small  amount  of  time  (10  to  15  per 
cent)  may  be  allotted  for  course  work  or  for  participation  in  teaching,  the 
latter  purely  on  a  voluntary  basis. 

The  Ayerst,  McKenna  and  Harrison  Fellowship 

The  Ayerst,  McKenna  and  Harrison  Fellowship  was  first  awarded  in  1947 
to  Dr.  Samuel  Dvoskin  and  in  1948  to  Dr.  Ernest  M.  Brown,  Jr.  Dr. 
Brown  was  re-elected  for  the  Fellowship  in  1949.  The  1950  Fellowship  was 
aw'arded  to  Dr.  Lawrence  E.  Shulman  and  in  1952  to  Dr.  John  C.  Laidlaw. 
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The  Fellowship  will  be  in  the  amount  of  $5,000  and  will  be  given  on  alter¬ 
nate  years. 

The  Schering  Fellowship  in  Endocrinology 

This  Fellowship  will  not  be  awarded  in  1954  in  order  that  it  may  accumu¬ 
late  toward  a  $5,000  Fellowship  to  be  awarded  in  1955. 

•  AW.ARDS 

The  Ciba  Award 

The  Ciba  Award,  to  recognize  the  meritorious  accomplishment  of  an  in¬ 
vestigator,  not  more  than  thirty-five  years  of  age,  in  the  field  of  clinical  or 
preclinical  endocrinology,  was  established  in  1942,  but  no  recipient  was 
selected  in  1942  or  1943.  In  1944  the  Award  was  presented  to  Dr.  E.  B. 
A.stwood;  in  1945  to  Dr.  Jane  A.  Russell;  in  1946  to  Dr.  Martin  M.  Hoff¬ 
man;  in  1947  to  Dr.  Choh  Hao  Li;  in  1948  to  Dr.  Carl  Heller;  in  1949  to 
Dr.  George  Sayers;  in  1950  to  Dr.  Oscar  M.  Hechter;  in  1951  to  Dr.  Albert 
Segaloff.  Effective  in  1952,  the  Award  was  increased  from  $1,200  to  $1,800 
and  the  recipient  was  Dr.  Seymour  Lieberman;  in  1953  the  Award  was 
presented  to  Drs.  Sidney  Roberts  and  Clara  Szego.  If  within  twenty-four 
months  of  the  date  of  the  Award,  the  recipient  should  choose  to  use  it 
toward  further  study  in  a  laboratory  other  than  that  in  which  he  is  at 
present  working,  it  will  be  increased  to  $2,500. 

Nominations 

Each  member  has  the  privilege  of  making  one  nomination  for  each  Fellow¬ 
ship  or  Award.  A  nomination  should  be  accompanied  by  a  statement  of  the 
importance  of  the  nominee’s  contributions  to,  or  interest  in,  endocrinology  v 
and  by  a  bibliography  of  the  nominee’s  most  important  publications,  with 
reprints  if  possible.  The  nominations  should  be  made  on  special  application 
forms  which  may  be  obtained  from  the  Secretary,  Dr.  Henry  H.  Turner, 
1200  North  Walker  Street,  Oklahoma  City,  Oklahoma,  and  returned  to 
him  not  later  than  March  1,  1954. 


